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ABSTRACT OF THE DISSERTATION
Aerosol Vapor Synthesis of Organic Processable PEDOT Particles and Measuring Electrical
Conductivity Using a 3D Printed Probe Station
by
Yang Lu
Doctor of Philosophy in Materials Science and Engineering
Washington University in St. Louis, 2021
Professor Julio M. D’Arcy, Chair
Conducting polymers are organic semiconductors characterized by conjugated backbones
(alternating single-double bonds) that enable mixed ionic-electronic conductivity. Their
polymeric nature, tunable band structure and reversible redox capability have demonstrated
fundamental advances in the fields ranging from electrochemical energy storage, sensing, to
electro/photo catalysis and neuromorphic engineering. Conjugated backbones, the origin of all
the unique physical and chemical properties associated with conducting polymers, prevent their
solubility due to high lattice energy which hinders processing. Current solution utilizes a longchain polymer (PSS) as dopants to render conducting polymer water dispersible (PEDOT:PSS).
Nonetheless, PSS is highly acidic and hydrophilic limiting applicability with acid-incompatible
or hydrophobic materials and surfaces. An attractive alternative of liquid solution is a liquid
dispersion of submicron particles that overcomes insolubility restrictions associated with
conducting polymers. However, compared to thin films, conducting polymer submicron
particles with high electrical conductivity is far less established.
This thesis focuses on developing and optimizing synthesis of highly conductive PEDOT
submicron particles and subsequently demonstrates advanced processability in non-aqueous
xiii

solvents where PEDOT:PSS phases separates preventing processing. Synthetic technique
developed in this work is named as aerosol vapor polymerization where oxidant solution is
aerosolized and liquid EDOT monomer is vaporized; resulted PEDOT particles have a spherical
shape templated by the air-suspended droplets and possess the highest reported electrical
conductivity. PEDOT particles readily form colloidal dispersions in organic solvents enabling
developing of pH sensitive thermoplastics and temperature sensitive sulfur concrete. An organic
ink is developed to conformally coat 3D prints and particle nature enable engineering of strain
sensor and high efficiency NIR photothermal coating promising for light induced surface
sanitization. Moreover, mixed ionic-electronic conductivity leads to development of an ionexchange membrane proofing the concept of particle-based ion conduction mechanism. Another
part of this dissertation focuses on building scientific instruments using “Do it yourself” (DIY)
concept. A 3D printed four-point probe systems reduces the instrumental cost from $ 5000 down
to less than $100.

xiv

: Introduction
This thesis seeks to develop a vapor phase synthesis of conducting polymer colloidal particles
employing aerosol technology. A colloidal dispersion overcomes the processing challenge
associated with conducting polymers and the goal is to optimize particle electrical conductivity
and environmental stability in order to achieve the state-of-the-art performance in related
applications. This work is inspired by our previous finding that a droplet of ferric chloride
aqueous solution, when heated in an atmosphere of monomer (of conducting polymer) vapor,
converts to a conducting polymer film possessing a surprisingly low sheet resistance (2.8
Ω/square, close to some metal sheets) and the film size is templated by the droplet’s diameter.1, 2
Connecting such CVD reaction to aerosol, defined as micron-sized droplets (or particles)
suspended in a gas, is an outgrowth of this finding because an aerosol stream provides a natural
environment for the aforementioned synthesis once the droplets become ferric chloride solution
and the gas becomes monomer vapor. Moreover, aerosol synthesis affords a high scalability and
the resulted particle size, templated by aerosolized droplets, falls directly into the processable
colloidal range. In light of these potential advantages, my research focuses on developing aerosol
vapor polymerization (AVP),3 a continuous synthetic platform combining conducting polymer’s
vapor phase polymerization and aerosol flow process. I use poly(3,4-ethylenedioxythiophene)
(PEDOT), the most studied conducting polymer,4 as a model and demonstrate a continuous
synthesis of submicron particles with a record-high electrical conductivity (300 S/cm).3 A
household humidifier based aerosol generator and a customized coiled reactor scales the reaction
to 4 L/min resulting in a 0.8 gram/day production rate. Molecular structure of PEDOT is tunable
via a turn of a knob (reactor temperature, flow rate, oxidant nebulization) which converts a
1

chemical goal into a more tangible engineering one. In order to study structure-property
relationship, a characterization protocol containing series of microscopic and spectroscopic
methods is developed to qualitatively and quantitatively probe conjugation length, crystallinity,
doping level and chain interactions in the molecular level; results show that AVP PEDOT
particles have a high crystallinity and a close face-to-face packing (0.41 nm) facilitating charge
carrier mobility and the optimized synthesis achieves a doping level (30%) close to the
theoretical maximum (33%) accounting for the high electrical conductivity. PEDOT particles are
proccessable in all kinds of liquidus materials (m.p. less than 200 ºC) such as organic solvents or
molten sulfur (m.p. 130 °C), where PEDOT:PSS phase separates hindering processing.
Formulations for casting particles embedded thermoplastic as well as painting the surfaces of
these thermoplastics are developed enabling fabrication of flexible pH sensors, cementitious
temperature sensors as well as stretchable strain sensors and AVP PEDOT demonstrates a high
environmental stability in these applications. Particles are good photothermal agents especially in
the NIR range due to specific absorption of PEDOT’s charge carriers (polarons and bipolarons).
A high electrical conductivity corresponds to a high concentration of charge carriers which
results in a superior photothermal activity. To our surprise, a particle-impregnated cotton ball is
ignited simply by exposure to a camera flash and such capability is first reported in conducting
polymers. As a result, formulated paint renders 3D prints highly effective in converting NIR light
to heat and a 5 second exposure to a laser (808 nm, 0.8 mW/cm2) leads to a record-high
temperature rise (194.5 °C) among PEDOT coatings, proving effectiveness for light-induced
sanitization.
Chapter 1 introduces history, basic conduction mechanism and unique properties of conducting
polymers. Some cutting-edge applications enabled by these properties are briefly described. The
2

origin of conducting polymer’s insolubility challenge and current solutions are reviewed, where
the advantages of particle based colloidal dispersion are discussed. Finally the motivation of
using aerosol technology to synthesize colloidal particles and its connection with conducting
polymer’s vapor phase polymerization is established.
Chapter 2 and Chapter 3 cover the development of AVP to synthesize PEDOT submicron
particles. Firstly, the acidic precursor (FeCl3) solution and the long reaction time (than drying or
pyrolysis) required by polymerization cause customizing reactor system a prerequisite to realize
this synthesis. Secondly, a systematic characterization protocol is developed to enable qualitative
and quantitative probing of molecular structures as well as physical and chemical properties,
paving ways for synthesis optimization. Finally, I demonstrate that through optimization, we
achieve solution processable PEDOT particles with a record-high electrical conductivity.
Chapter 4 documents solid particle collection and direct patterning on substrates via AVP
obviating any liquid byproducts. Dry process is one of the major advantages regarding aerosol
assisted material synthesis because it reduces both processing steps and generated wastes.
Results show that a small footprint reactor is viable to enable one pot synthesis and deposition of
solid and spherical PEDOT particles because polymerization continues outside of the reactor and
this leads to possibility of direct patterning of electrodes for electrochemical energy storage.
I have a background in electrical engineering and measuring electrical conductivity on a soft,
nanofibrillar film was one of my very first research project. In Chapter 5, I introduce a four-point
probe design that uses tapestry needles to measure electrical conductivity. The design utilizes a
novel gravity assisted probe contact mechanism, especially suitable for soft, bumpy, and
nanostructured surfaces. The probe station incorporates a 3D printer moving mechanism
3

enabling a G-code driven automatic conductivity measurement. Most of all, this four-point probe
station shows excellent consistency with commercial four point probe station but with 50 times
less of a cost (<$100 compared to $5000).
Chapter 6 summaries the thesis and proposes future perspectives for AVP. The goal is to
optimize direct particle deposition, increase production rate, and explore a long residence time
reactor system to enable hydrolysis assisted growth of high aspect ratio particles. Another section
of the perspective raises questions regarding better usage of these conducting polymers particles.
AVP particles are most suitable for application where conducting polymer is irreplaceable or a
small amount of conducting polymer significantly enhances devices’ performance. To find those
applications, we need to look into the true uniqueness among the physical, chemical and
mechanical properties of these mateirals. Finally, I believe AVP holds promises as a ultimate
solution towards 3D printing of micro or nanostructures.

1.1 Conducting polymer history
It had been a dream of scientists that polymers (or plastics), typically electric insulators, conduct
electricity like metals or semiconductors while maintain its polymeric nature i.e., softness,
flexibility, and ease of synthesis and processing, which would enable realization of lightweight
and flexible electronics or batteries from a much simpler manufacturing procedure compared to
inorganic counterparts.5 In 1977, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa
discovered that polyacetylene, a polymer with an alternating single-double bonds, shows a 9
orders increase of electrical conductivity from an insulating state upon iodine vapor doping6 and
later this polymer achieves a metallic conductivity of 105 S/cm (Figure 1.1)!7 This sensational
finding fundamentally demonstrates that polymers under certain condition conduct electricity
4

like metals or semiconductors and their electrical conductivity possess facile tenability, which is
not possible by the latters. In 2000, the Nobel Price of Chemistry was awarded to the three
scientists for “discover and development of electrically conductive polymers”.8

Figure 1.1 Electrical conductivity range of conducting polymers compared to other
materials.7, 8

Over 40 years’ development, research of conducting polymers has grown exponentially from a
playground mainly for chemists and material scientists to a broad and cutting-edge field drawing
attentions from physicists, engineers and medical doctors.10 This is due to several fundamental
advancements associate with conducting polymers. First of all, the material list has expanded
dramatically as original polyacetylene is air and humidity sensitive (loss of electrical
conductivity and mechanical integrity after several days in air).11 Heterocyclic compounds and
their derivatives (some popular structures listed in Figure 1.2) stand out as the dominating
building blocks due to a combination of high electrical conductivity and environmental stability.
Actually, polypyrrole and polyaniline’s high electrical conductivity (30 S/cm) were reported
earlier than the initial polyacetylene (38 S/cm) discovery but were not as seminal as the latter
presumably due to a lack of both broad publicity (the polypyrrole work was published only in
Australian journals; the polyaniline one was in French) and captivating product form (polyaniline
and polypyrrole were both powders while polyacetylene was a metallic-looking film); details of
5

this story and these proposed reasons were documented by Dr. Seth C. Rasmussen.12 Among all
the listed heterocyclic compounds, poly(3,4-ethylenedioxythiopene) or PEDOT is one of the
most widely studied and successfully commercialized conducting polymer.4 A single crystal
PEDOT nanowire reaches an electrical conductivity of 8000 S/cm, close to polyacetylene.13 and
most importantly, PEDOT:PSS is a commercialized formulation that enable conventional
solution processing i.e., dropcasting, spin coating, ink-jet printing and 3D printing,14 resulting in
highly conductive films (after post-processing). Currently, PEDOT:PSS is a prototype in the
field of conducting polymers.

Figure 1.2. Chemical structures of different conducting polymers. and all possess a conjugated
backbone indicated in red color.

6

The second reason of this field’s soaring is the advancing of conducting polymer’s physical and
chemical properties that lead to progressions of many cutting edge applications. For example,
charge carrier mobility (> 10 cm2 V-1 s-1) well surpasses amorphous silicon (~ 0.5 cm2 V-1 s-1)
which make it possible to fabricate all polymer based transistors or functional circuit
components.13 A high electrical conductivity also enables conducting polymers to stand along as
active materials in electrochemical electrodes (no conductive additives) for energy storage.1, 15 A
better control over doping levels reveals their unique semiconducting properties which
successfully demonstrate applicability in organic photovoltaics, light-emitting diodes and photo
catalysis.16 Recently the mixed ionic-electronic conductivity mimicking neuron signal
transmission as well as a “soft” nature render conducting polymer a preferred material for
bioelectronics and neuromorphic engineering.17, 18
In 2019, the handbook of conducting polymer (4th edition) was published which summarizes this
field’s research progresses during the past decade and draws a blueprint for conducting
polymer’s future.19 This book is worth reading especially if comparing it to the very first paper
about chemical doping of polyacetylene or the Nobel Prize motivation, one can find how much
this field has evolved and what a promising future it holds!

1.2 Polymer conduction mechanism and properties
To conduct electricity, a material needs to have mobile charge carriers and conduction paths, just
like we need cars and highways to transport people. The most unique feature of a conducting
polymer compared to a polymer rendered electrically conductive by additives (such as metal
particles) is that mobile charge carriers and conduction path are provided by the aforementioned
alternating single-double bonds, or conjugated system. The presence of a conjugated backbone is
7

a characteristic of conducting polymers (donor-acceptor polymers is an exception and will be
introduced later). Take polyacetylene (Figure 1.3a) as an example, each carbon atom on the
conjugated backbone is sp2 hybridized leaving an unhybridized p orbital with a free π electron
(Figure 1.3b); p orbitals of adjacent carbon atoms overlap with each other forming a connected
domain (conduction path) along the polymer chain (Figure 1.3c) and π electrons involved
become delocalized among the conjugated system serving as charge carriers. However, these
charge carriers are not mobile at this moment because every site is occupied similar to a traffic
jam on a highway where no car is movable. It is a process called “doping” finally activates
polymer to conduct electricity and the process involves removing or adding electrons to create
empty orbitals for charge carriers to move in thus creating charge flow (Figure 1.3d). If
electrons are removed from the conjugated backbone, polymer is oxidized or p-doped while if
electrons are added to the conjugated backbone, polymer is reduced or n-doped. Doping is
realized by chemical (like iodine vapor mentioned before) or electrochemical routes during or
after synthesis and a counter-charged ion travels to the vicinity of the doped polymer chain to
maintain its charge neutrality (Figure 1.3d). Conducting polymer is typically synthesized
through oxidative radical polymerization and is also stable in a moderate oxidized state.
Therefore, it usually comes out of synthesis as a partially p-doped state (thermodynamically
stable state). In many context, doping means oxidizing the polymer from the partially p-doped
state to a more p-doped state and dedoping means reducing the polymer from the p-doped state
back to a less p-doped or a neutral state, where no mobile charge carriers is present. At neutral
state, conducting polymer is not conductive and if the polymer is further reduced from a
neutral/fully dedoped state, it starts to get n-doped with an increasing of electrical conductivity.

8

A cyclic voltage sweep of PEDOT summaries the doping profile of a conducting polymer
(Figure 1.4).

Figure 1.3 Illustration of the electrical conduction mechanism on a conjugated system. a)
chemical structure of polyacetylene and b) the indication of a non-hybridized p orbital and a free π
electron on each carbon atom. c) P orbitals on a conjugated system form a continuous domain
where all π electrons are delocalized and d) a p-doping process where some electrons are removed
creating spaces for the rest of the π electrons to be mobile which causes polymer to conduct
electricity. After each electron is removed, an negative charged ion travels to the vicinity of the
polymer chain to balance the charge.

9

Figure 1.4 Cyclic voltammograms of a representative PEDOT film in a 0.1 M TEABF4/
CH3CN. The purplish shaded area is n-doping region, yellowish is neutral region and greenish is pdoping region. In both n-doping and p-doping regions there are current response on the curve
indicating that polymers are electrically conductive while in the neutral region current is negligible
indicating that polymers are insulating. An as synthesized PEDOT has an open circuit potential of
0.2 – 0.4 V14 which means partially p-doped. Different colors of the curves represent different scan
rates. Reprinted and modified from Ion and solvent transfers and trapping phenomena during ndoping of PEDOT films, Vol 53, A. Robert Hillman, Samantha J. Daisley, Stanley Bruckenstein,
Pages 3763-3771, Copyright (2008), with permission from Elsevier.

There are four unique properties associated with this charge conduction and doping mechanism:
1) Tunable electrical conductivity. Electrical conductivity is tunable through chemical or
electrochemical doping or dedoping which increases or reduces the charge carrier density on the
conjugated backbone. This process is reversible (within a certain potential range) and facile, for
example, only by 10 min exposure to iodine vapor at room temperature, polyactylene’s electrical
conductivity increases by 9 orders of magnitude and remains stable for hours after removing the
vapor.6 The doping for inorganic semiconductors requires a much harsher environment and a
much longer time. Acid and base vapor also lead to electrical conductivity change and they alter
charge carrier density in the same way as oxidative doping and reductive dedoping.3, 21 Even
though there are still debates over the actual mechanism, it is widely agreed that these processes
do not involve redox reactions. To distinguish them from the redox analogues, pH induced
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doping/dedoping are refered to as acid/protonic doping and base dedoping, respectively. 2)
Tunable color or transparency. Conducting polymer’s light absorption ranges from visible to
NIR region due to the presence of neutral, polaronic and bipolaronic sections,22 and the doping
process changes the relative density of these sections leading to color or transparency tunability.
For example, a PEDOT thin film at a highly p-doped state is transparent with a light-blue color
because majority charge carriers are bipolarons that absorb mainly in the NIR range (~ 1200
nm). Once PEDOT is reduced to a neutral state, the neutral sections absorb mainly around 600
nm in the visible range therefore PEDOT film becomes opaque with a purple color.23 3) Tunable
band structure. The mechanism behind oxidative doping induced electrical conductivity rise is
a narrowed bandgap between HOMO and LUMO facilitating charge transport.24 On the other
hand, a neutral or dedoped state with a large bandgap shows promises in electrocatalysis and
electroluminescence because excited charge carriers are prone to transfer to a redox couple
(instead of being annihilated through recombination), which catalyzes a chemical reaction or
undergoes a radiative decay and emits light. For example, a dedoped P3HT film generates a
strong fluorescence while a dope P3HT exhibits zero light emitting after exciation.25 4) Mixed
ionic-electronic conductivity Conducting polymers are mixed ionic-electronic conductors
because ions are free to move in the large space between polymer segments that are connected
via weak van der Waals interactions.17 Their ionic response is mutually coupled with electrical
signals due to the redox doping mechanism and therefore is capable of picking up electrolyte
information (concentration etc.). Moreover, polymer nature enables direct contact with
organisms due to a similar mechanical moduli.18 One emerging field regarding this property is
bioelectronics and conducting polymers based organic field effect transistors (OFET) shows
superior sensitivity than silicon based counterparts.26 17, 18
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1.3 Processing challenges of conducting polymers and
current solutions
Lack of solution processability is a long-standing challenge in the field of conducting polymers
and the origin is the π-π interactions (edge-on, face-on) of the conjugated backbones (the origin
of all the unique physical and chemical properties) that prevent polymer chains’ dissolving and
molding. These π-π interactions result in, as thoroughly discussed in the book chapter26 written
by Dr. Bernhard Wessling, 1) a much higher lattice energy than any solvent’s solvation energy,
2) a much higher surface tension than any solvent (a matched surface tension leads to
dissolution), and 3) an extremely high enthalpy of melting that thermodynamically inhibits chain
displacement. I highly recommend reading this book chapter not only because of the rigorous
derivations that draw a final conclusion on conducting polymer’s insolubility, but also because
the story behind this discussion shows a scientific spirit and courage: when most colleagues in
the community agreed that there was no difference between colloidal and solution, and no need
to distinguish them, Dr. Bernhard Wessling believed in its scientific importance and succeeded
in finding the truth!
Donor-acceptor polymer (redox polymer) is another class of conducting polymer but possess no
conjugated backbone. Donor and acceptor refer to molecular moieties that have a low and high
electron affinity, respectively and they can provide charge carriers and the voids that are
essential to charge conduction. Since there lacks a highway (conjugated backbone), charges are
conducted through a hopping mechanism (Figure 1.5a,b). Despite a less interaction in the edgeon direction (no conjugation), each donor or actor unit consists heterocyclic rings resulting in the
presence of face-on packing28 which still hinders solubility especially at a higher molecular
weight.29 This charge hopping mechanism also leads to a very low electrical conductivity and the
12

current trend in the field is to add a conjugated backbone to donor-acceptor polymers forming
redox conjugated polymers (Figure 1.5c).30 Therefore limited solubility is a universal challenge
in the field of conducting polymers.

Figure 1.5 Conduction mechanisms of a) conjugated polymer, b) donor-acceptor redox
polymer and c) conjugated redox polymer.

Currently, there are three types of approaches to address this challenge. One is engineering of
long side-chain on the monomer unit to enlarge π-π stacking distance which enables solvent to
penetrate and to dissolve each polymer chain (Figure 1.6a,b). P3HT is a successful
commercialized prototype that is soluble and processable in many organic solvents, however, the
electrical conductivity is largely hindered31 due to a longer hopping distances of charge carriers
between conjugated backbones. Recently, a new side-chain design on PEDOT is proposed
enabling water solubility.32 The electrical conductivity reaches 1000 S/cm, in the same
magnitude of single crystal PEDOT nanowire (8000 S/cm). While it still remains to find out the
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optimum side chain molecular structure, the complicated synthetic steps are a major bottleneck
in this approach.

Figure 1.6 Illustrations of insolubility of conjugated polymers and methods to solve this
challenge. a) Conjugated polymers are not soluble by solvent molecules due to a closed interaction
among conjugated backbones which result in a high lattice energy and high surface tension.26 b) A
long side chain enlarges the distance between conjugated backbone allowing solvent to penetrate
and dissolve conjugated chains. c) A soluble long-chain dopant carries attached conjugated chains
during dissolution and forms a stable solution. d) Colloidal particles form a stable and processable
dispersion due to surface charges.

The second approach employs a soluble dopant which separate conjugated polymer into single
chains and carry them forming stable solutions. PEDOT:PSS, the dominating formulation on the
market as mentioned before, is a classic example of this approach where PEDOT is the
conjugated polymer possessing a shorter chain and PSS is the dopant (p-type) possessing a
longer chain. PSS serves as a spacer between PEDOT chains thus facilitating their dissociation
into single chain level resulting in a stable solution (Figure 1.6c). The drawback of this design is
that PSS is about 2.5 times in weight than PEDOT and it forms insulating layers among PEDOT
14

chains after deposition leading to a low electrical conductivity.33 Highly conductive coatings (up
to 4000 S/cm) are formed only when excess PSS is removed via post-processing.34
There are still two inherent challenges associated with the dopant PSS i.e., the acidic pH and the
limited compatibility with organics. Acidic pH has adverse effect on proton sensitive materials35
while incompatibility with organics results in difficulty coating hydrophobic substrates, such as
3D printable thermoplastics. Even though an innovative solvent-exchange method developed
recently tunes the surface tension of PEDOT:PSS,36 there is still a limited range of solvents and
pH values that are compatible.
The third approach, which is the focus of this thesis, is using colloidal particles (Figure 1.6d) to
develop processable formulations (ink, paste) for fabrication of coatings and films. The colloidal
route separates the sophisticated processing challenge into two simpler ones i.e., synthesizing
highly conductive particles and developing formulations to deposit and immobilize these
particles. The latter is a well-established engineer field while the former is less established
compared to conducting polymer thin films and optimizing particles’ electrical conductivity is
the key to achieving the state-of-the-art coating or film electrical performance via colloidal
dispersions. The main contribution of this thesis is developing and optimizing a synthetic
technology (AVP) that advances electrical conductivity of conducting polymer (PEDOT) particle
synthesis.

1.4 Synthetic routes of conducting polymers
There are generally three categories of conducting polymer synthesis, electrochemical
polymerization, chemical polymerization, and vapor phase polymerization (Figure 1.7).37
Electrochemical polymerization is mainly used for thin film deposition on conductive substrates
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and therefore is not discussed here. Particles are usually synthesized through chemical
polymerization in the solution phase because templates are required to constrain the reaction into
a desired size or morphology. However, particles synthesized from solution phase typically have
low electrical conductivity3 possibly due to the uncontrolled step growth mechanism.
Vapor phase synthesis, on the other hand, results in highly conductive PEDOT films. Even
though the actual mechanism is not fully understood, it possibly stems from a better regulation of
polymerization kinetics due to the controlled concentration of monomers and solvents.38, 39 The
utilization of base inhibitor further slows the reaction leading to a record-high electrical
conductivity.40 Nonetheless, synthesizing particles using vapor phase polymerization is scarcely
reported because of the difficulty in finding templates in the vapor phase.
My advisor, Dr. Julio D’Arcy bridges the gap with a discovery that an aqueous droplet of FeCl3
solution serves as both an oxidant precursor as well as a polymerization template resulting in a
highly conductive PEDOT films.1 This leads to the concept of polymerizing droplet in the gas
phase, or aerosol to synthesize highly conductive polymer particles.

Figure 1.7 Illustrations of synthetic methods of conducting polymers: a) Electrochemical
polymerization, b) vapor phase polymerization, and c) chemical polymerization. Reprinted
and modified from Tailoring PEDOT properties for applications in bioelectronics, Vol 140, Mary J.
Donahue, Ana Sanchez-Sanchez, Sahika Inal, Jing Qu, Roisin M. Owens, David Mecerreyes,
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George G. Malliaras, and David C.Martin. Pages 100546, Copyright (2020), with permission from
Elsevier.

1.5 Aerosol based technology
Aerosol is a suspension of solid particles or liquid droplets (typically 2 nm to 100 µm)41 in the
gas phase and it surrounds our daily life in the form of fog, smoke and cloud. The colorful
rainbow after a heavy shower, the breathtaking sunbeams at dawn and the fairyland-like mist
around a waterfall are all originated from the presence of aerosols. Aerosol is also utilized to
manufacture particulate daily commodities, for example milk powders used for food and health,
white titanium pigments used as opacifier in almost every paint, and allotropic carbon particles
(carbon blacks, activated carbon, carbon nanotubes) used as crucial reagents in industrial
processes. Aerosol based Technology (AbT) is also one of the few that are capable of large-scale
manufacturing nanostructured materials which are of great scientific and industrial interest due to
the size-dependent chemical, physical and surface properties.42
In a typical aerosol production process, precursor solution is converted into droplets that flow
through a heated reactor to form solid particles. Depending on the phase change or reaction of
the precursor droplets, there are generally three types of AbTs: 1) spray drying, where droplets
only undergo evaporation leading to a dry powder of the precursor; 2) spray pyrolysis, where
final product is the decomposed precursor via a high temperature treatment, and 3) aerosol
synthesis, where droplets evaporation happens in concomitant with chemical reactions involving
gas-phase reactants, resulting in the formation and growth of a new material. The technology
developed in this synthesis falls in the last category which is a nascent field. However, pioneer
processes such as aerotaxy43 and ultrasonic spray polymerization44 have successful demonstrated
merits of this route including a much higher production rate than their conventional synthetic
17

counterparts, a facile tunability of morphology, size and chemical/physical properties, and
possibility of direct patterning.

1.6 Summary
As a summary, synthesizing highly conductive particles is a promising and versatile solution to
addressing the insolubility challenges associated with conducting polymers because it converts
this complicated chemical challenge to a more established engineering one which is formulating
colloidal dispersions to enable processing. This thesis aims at developing a synthetic platform
that synergistically combines merits of vapor phase polymerization and AbT to realize a
continuous and highly conductive particle synthesis. This technique, named as AVP, also enables
direct patterning submicron particles as well as sintering them into macrostructures on solid
substrates which holds promises to achieve the ultimate goal in this field: 3D printing of
conducting polymers nanostrcutures.
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Chapter 2 : Aerosol Vapor Polymerization of
PEDOT submicron particles
2.1 Introduction
The fast-growing organic electronics industry will have an estimated worth of more than $75
billion by 2020.1 Manufacturing organic electronic materials that possess enhanced charge
transport, as well as both high chemical and high physical stability, is paramount for developing
commercial applications.2, 3 Among coveted manufacturing technologies, production of solution
processable conducting polymers ranks high given that these functional organic materials are
characterized by light weight,4, 5 flexibility,5, 6 transparency,6 electronic conductivity,6, 7 unique
electronic band properties8, 9 and reversible redox doping mechanisms.4, 8 Currently, poly(3,4ethylenedioxythiophene) (PEDOT) with polystyrene sulfonate (PSS) is the most common
conducting polymer formulation used for aqueous-based applications due to surface-activating
properties by PSS and PEDOT’s high intrinsic conductivity, polycrystallinity and environmental
stability.10 Unfortunately, PEDOT:PSS suffers from both an unstable bulky polystyrene sulfonate
dopant that phase separates in non-aqueous solutions and limits conductivity, as well as from an
energy intensive multistep synthetic process.11-13
Conducting polymers are typically synthesized using solutions, electrochemistry or vapors via
synthetic oxidative strategies. Developing a continuous platform that produces functional
materials is important to enable commercialization of these polymers for energy harvesting,14
electrochemical energy storage,4, 15, 16 flexible electronics6, 17, 18 and biomedical applications.5, 7,
19, 20

However, there is a pervasive lack of manufacturing technologies in the field with current

synthetic protocols characterized by low yields and materials that are insoluble, poorly
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dispersible in water, and inherently chemically and/or physically unstable. The poor solubility of
conducting polymers stems from a high surface energy and high lattice energy due to their
conjugated backbone and ordered chain packing in the solid state.21
A solid-state dispersion of polymer particles serving as a stable colloid is an attractive alternative
for developing applications at liquid/solid interfaces.22 Among colloids, submicron-sized
spherical particles are highly processable because their shape minimizes particle-particle
interaction thus reducing aggregation.23 This provides building blocks for printing 2D and 3D
hierarchical organic electronic architectures.12 Typically, spherical submicron-sized polymer
particles are produced using templates such as hard particles or soft micelles.18, 24 Removal of
these templates is destructive to the polymer structure and is therefore impractical.23, 25 In a few
cases, “template-free” syntheses lead to particles via self-assembly.26, 27 However, these
approaches suffer from fixed stoichiometries that result in minimal opportunities for optimizing
chemical and physical polymer properties. In addition, these synthetic methods cannot
continuously produce PEDOT particles and result in particles of low electrical conductivity.28-33
Scalable technologies such as chemical aerosol flow synthesis,34 spray pyrolysis/drying35 and
aerotaxy36 readily produce particles for inorganic materials. Among these, a modified version of
the former, known as ultrasonic spray polymerization, is able to produce PEDOT particles;
unfortunately, this process involves an uncontrolled solution oxidative polymerization that leads
to particles of low conductivity (Figure 2.1).37 An ideal approach to overcoming current
limitations to produce particles of high conductivity would combine aerosols and vapor phase
polymerization.
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Figure 2.1 Photographs of monomer and oxidant direct mixing. Photograph sequence shows
the polymerization of EDOT at room temperature when oxidant and monomer are mixed in
solution in a vial after a) 0 hour, b) 2 hours, c) 4 hours and d) 16 hours.

Here, we introduce aerosol vapor polymerization (AVP), a scalable continuous batch-processing
technique that produces spherical submicron-sized PEDOT particles collected as a powder of
high electrical conductivity. Particles exhibit extended chemical and physical stability
characterized by a high doping level and surface charge that enables solution processing without
the need for surfactants. AVP is based on a flow-stream reaction, between an aerosol of
suspended water droplets carrying oxidizing ions and monomer vapor, where each reactant is
delivered independently. We control stoichiometry, mass transport and aerosol residence time
during vapor phase polymerization leading to a kinetically facile approach for producing PEDOT
particles of high crystallinity, long conjugation length, and high doping stability.38, 39 In AVP,
polymer particles are synthesized in a tubular reactor, collected in ethanol-filled bubblers,
purified in acid, and lyophilized from water resulting in a blue-colored powder comprised of
discreet particles that remain doped for months. AVP-PEDOT particles, unlike PEDOT:PSS
particles, are readily processed in non-aqueous systems to develop thermoplastic and
cementitious solid-state composites as well as to engineer pH and temperature sensors.
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2.2 Results and Discussion
2.2.1 Polymerization mechanism and particle generation
In traditional vapor phase polymerization, a conducting polymer is produced by flowing a
monomer vapor over a solid-state oxidant bed. In AVP, monomer vapor reacts with an aerosol of
aqueous droplets carrying a soluble oxidant (FeCl3). Each of these two reactants is introduced
independently into a reactor enabling in situ continuous replenishment. During polymerization,
monomer vapor is oxidized upon contact with ferric ions dissolved in suspended water droplets
resulting in the formation of monomer radicals at the droplet surface (Figure 2.2a). Radical
coupling promotes the assembly of oligomers and formation of the conjugated backbone via
kinetically controlled deprotonation where water serves as the proton scavenger. Doping occurs
in situ increasing charge carrier concentration and imparting a positive charge on the polymer
chain that leads to the colloidal stability of particles. This charge in the polymer backbone is
balanced by the oxidant’s chloride counter anion. In AVP, an oxidant-laden aerosol water droplet
plays the role of template, proton scavenger, polymerization initiator and dopant (Figure 2.2a
inset). Each spherical particle is produced by preferential polymer nucleation at the droplet
surface, and by radially-inward driven step-growth polymerization as a droplet evaporates.
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Figure 2.2 Mechanism and schematic flow process diagram of aerosol vapor polymerization
(AVP). a) Oxidative radical polymerization occurs when monomer vapor contacts an oxidantcarrying aqueous droplet resulting in a spherical polymer particle comprised of Cl- doped conjugated
polymer chains. b) Reactor design uses a 510-cm long coiled tube, ultrasonic nebulizer and reactant
bubbler (monomer reservoir). The inset shows suspended yellow oxidant droplets (carrying FeCl 3)
encountering a flow of monomer vapor; droplet color changes to blue as PEDOT forms. Particles are
collected by pushing aerosol products through 3 ethanol-filled bubblers connected in series.

An aerosol of oxidant droplets carried by nitrogen gas is generated by nebulizing a 0.266 M
iron(III) chloride aqueous solution using a 1.7 MHz ultrasonic transducer adapted from a
household humidifier (Figure 2.2b).40 A syringe pump replenishes the oxidant aqueous solution
in situ as the reaction occurs. Monomer vapor is produced by bubbling nitrogen gas into a heated
28

reservoir containing the liquid monomer 3,4-ethylenedioxythiophene. Changing the size of this
reservoir enables scale up. Mass transport of monomer vapor is controlled by attenuating the
speed of the carrier gas using electronic mass flow controllers and by adjusting the monomer
reservoir temperature. Synthesis is carried out in a coiled tubular glass reactor at 130 °C under
laminar flow conditions that minimize droplet-droplet interactions and produce discrete polymer
particles. PEDOT particles are collected as they exit the reactor in ethanol-filled bubblers; using
an impactor or a filter paper for collection, leads to particle aggregation due to particle-particle
collision. This synthetic approach results in a high production rate of discrete submicron-sized
polymer particles.

2.2.2 Elemental analysis and electrical properties of particles
Purified particles are lyophilized and collected as a blue powder (Figure 2.3a left). Statistical
analysis of particle diameter, aided by scanning electron microscopy, shows a size distribution
range between 200 nm and 2m with a 750 nm mode (Figure 2.3b) (Details in Methods).
Particle size is governed by droplet size, and compared to an ultrasonic nebulizer, a collision
nebulizer produces droplets with a broader size distribution (Figure 2.4a) resulting in PEDOT
particles with a broad distribution in size as well (Figure 2.4b). A small number of particles
exhibit distorted spherical symmetry possibly due to collapse of the polymer shell after removing
iron residues in the core during purification (Figure 2.3b inset and Figure 2.5a-d). Elemental
mapping via energy-dispersive X-ray spectroscopy shows carbon, oxygen, sulfur and chlorine
present in doped PEDOT particles (Figure 2.5e-h). X-ray photoelectron spectroscopy
measurements (Figure 2.5i) indicate atomic ratios of 7.17 and 2.87 for C:S and O:S,
respectively. These ratios are higher than the expected values of 6 and 2, possibly due to
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adventitious carbon and oxygen contamination.38 Fourier-transform infrared spectra (Figure
2.5j) display characteristic chemical bonds for the doped PEDOT conjugated backbone.

Figure 2.3 PEDOT particle size, electrical conductivity and processing in water. a) left, Digital
image of a blue powder of lyophilized PEDOT particles; right, Dispersed PEDOT particles in water
at pH 7 remain suspended for 1 hour. b), Size distribution of particles exhibits a 750 nm mode and
inset shows their spherical shape via scanning electron microscopy; scale bar is 2 µm. c), Currentvoltage curve of a pelletized sample of PEDOT particles is characterized by ohmic behavior; top left
inset shows the disc-shaped symmetry of the pellet. Bottom right inset is a scanning electron
micrograph of the pellet architecture comprised of spherical particles; scale bar is 2 μm. d), In-line
measurements demonstrate that the AVP reactor produces particles with diameter ranging between
250 nm and 2.5 µm; 350 nm is the mean diameter produced by the reactor (red color). Most of the
particles that bypass the ethanol-filled bubblers are 350 nm in diameter or less (blue color). Inset
shows illustrations of reactor output and exhaust.
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Figure 2.4 Size comparison between ultrasonic nebulizer and collision nebulizer for droplets and
particles. a) In-line measurements of droplets produced from ultrasonic nebulizer and collision nebulizer
show that a collision nebulizer produces droplets with a broader size distribution compared to its
ultrasonic counterpart. b) This leads to PEDOT particles with a broad size distribution. Inset shows their
spherical shape via scanning electron microscopy; scale bar is 2 m.

Figure 2.5 Scanning electron micrographs and corresponding EDX for PEDOT particles. a-d)
Particles have a spherical symmetry; scale bar = 2 m. e-h) Energy-dispersive X-ray spectroscopy
images show the presence of carbon, oxygen, sulfur and chlorine elements; scale bars are 2 m. i)
X-ray photoelectron spectroscopy survey shows carbon, oxygen and sulfur ratio. Sulfur content is
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lower than the theoretical value due to contamination from environmental CO or CO2. j) Fouriertransform infrared spectroscopy shows characteristic bonding for PEDOT.

A current–voltage profile for a pelletized sample demonstrates the polymer’s ohmic behavior
(Figure 2.3c) (Details in Methods). A disc-shaped pellet is formed (Figure 2.3c top left inset)
using 10 mg of particles by applying a hydrostatic pressure of 3,500 kg/cm2 for 2 min resulting
in a compressed particle morphology as shown by scanning electron microscopy in Figure 2.3c
(bottom right inset). A four-point probe measurement for a pellet demonstrates a conductivity
of 33070 S/cm after HCl vapor doping. This high electrical conductivity stems from PEDOT’s
polycrystalline structure, high doping level and plausible long conjugation length. To our
knowledge, this is the highest reported electrical conductivity for a solid-state conducting
polymer powder (Table 1). Note that a pellet’s conductivity differs from that of a continuous
thin film2, 39 owing to the many boundaries present that add resistance to conduction pathways. A
single particle also exhibits ohmic behavior as demonstrated by the current-voltage plot collected
using atomic force microscopy (Figure 2.6). Particles, washed in acid and lyophilized, exhibit a
zeta potential of +27 mV that provides colloidal stability and enables particles to remain
suspended for 1 h by sonication in ultrapure water at pH 7 (Figure 2.3a right) (Details in
Methods). Solution processing of particles at the liquid/oil interface enables deposition of
transparent coatings via surface tension driven flow (Figure 2.7).50 A particle-laden PEDOT film
switches between a dark blue (dedoped) and light blue color (doped) by exposure to vapors of
base (dedoping) or acid (doping) (Figure 2.8a); color change is reversible and controlled by
charge carrier concentration as evidenced by UV-vis-NIR spectroscopy (Figure 2.8b). A doped
film is more transparent than a dedoped film because the latter exhibits a higher absorption in the
visible range (380 nm – 740 nm).
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Table 2.1 Literature comparison of pelletized PEDOT particle conductivity.
Synthesis

Size

Conductivity (S/cm)

Reference

soft template in
solution
soft template in
solution
soft template in
solution
soft template in
solution
soft template in
solution
soft template in
solution
soft template in
solution
soft template in
solution
hard template in
solution

tubes, 500 nm-800 nm diameter and 10 m
length

3-6

41

spherical, 50-55 nm

100.3

42

aggregates, 5 m

165

43

spherical aggregates, 20-40 nm

60.5

44

spherical, 60-900 nm

153

45

spherical, 35 nm

0.026

46

spherical, 35-120 nm

50

47

spherical, 10-20 nm

6.3

48

spherical, 600 nm

1

49

spherical, 750 nm

33070

this work

microdroplets as
templates for vapor
phase polymerization

Figure 2.6 Single particle conductivity measurement carried out via atomic force microscopy.
The I-V profile of single spheres shows ohmic behavior. Top left inset shows topographical
information while bottom right shows the schematic of experimental setup; scale bar is 1 m. The
current limit of the probe tip is 5 nA, therefore, curves deviate from ideal linear behavior when
current approaches the limit. Plots do not pass through the origin due to a possible systematic error
stemming from contact interactions between the charged-particle surface and cantilever.
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Figure 2.7 Thin film preparation of a PEDOT particle coated-glass slide. A film is prepared via
interfacial surface tension gradient resulting in directional fluid flow.

Figure 2.8 Transparent films of AVP-particles and UV-vis-NIR characterization of AVPparticle aqueous dispersions. a) Transparent PEDOT films supported on glass are produced at
the water/oil interface via surface tension induced fluid flow. These photographs show color
change in films when exposed to vapors via acid (doped) or base (dedoped). b) Cross-sectional
scanning electron micrograph of PEDOT film indicates a thickness of 1.42 m; scale bar = 1 m.
c) Base treatment results in partial conversion of bipolaronic state to neutral and polaronic PEDOT,
thereby decreasing charge carrier density, transparency and conductivity.

2.2.3 Control of particle manufacturing
The step growth polymerization of PEDOT is systematically studied via aerosol residence time
to control conjugation length, crystallinity and electrical conductivity. Our reaction is carried out
in a 510-cm long coiled glass reactor (Figure 2.9a, b) at 130 °C using a total flow rate of 4000
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sccm resulting in a residence time of 20 s and a particle production rate of 100 mg/h. This total
flow rate, a combination of the individual flow rates of monomer vapor (2000 sccm) and oxidant
aerosol (2000 sccm), promotes interaction between reactants and results in a pelletized sample of
high electrical conductivity (330±70 S/cm). Adjusting the total flow rate to 150 sccm leads to the
longest attainable residence time of 10 min that unfortunately, significantly decreases the particle
production rate to less than 10 mg/h. Utilizing a straight short glass reactor (51 cm) (Figure 2.9c)
with a total flow rate of 4000 sccm leads to a 2 s residence time resulting in a pelletized
conductivity of ~300 S/cm. However, this ultra-rapid synthesis leads to incomplete
polymerization in the tubular reactor, sinters particles leading to poor solution processability
(Figure 2.10), and stifles interaction between reactants resulting in a low particle production rate
(50 mg/h). In-line particle diameter measurements, carried out as particles exit the coiled glass
reactor, show that the majority of particles have a diameter ranging between 350 nm and 750 nm;
this reactor output stems from discreet nebulized aerosol droplets that polymerize inside the
reactor (Figure 2.3d red column); this reactor output stems from discreet nebulized aerosol
droplets that polymerize inside the reactor (Figure 2.3d red column). Measurements also show
that particles of 350 nm diameter or less, bypass the ethanol-filled bubblers (Figure 2.3d blue
column). Decreasing the total flow rate to 600 sccm shifts particle distribution to smaller sizes,
centered at 350 nm in diameter (Figure 2.11 red column), plausibly due to a greater influx of
smaller nebulized droplets. Moreover, a smaller and narrower particle distribution is observed
(Figure 2.11 inset) indicating that ethanol-filled bubblers are effective at capturing particles of
lower kinetic energies. Unfortunately, this lower flow rate, reduces particle production to ~10
mg/h.
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Figure 2.9 Reactors photos. a) A 510 cm coiled glass serving as tubular reactor; b) Oil bath
heating of coil during reaction. Side arms are heated by heating tapes and wrapped in aluminum
foil; blue cables are thermocouples. The flow stream of blue colored PEDOT particles is visible
during reaction; c) A 51 cm straight glass reactor heated by a tube furnace.

Figure 2.10 Comparison between short and longer residence times. Top row images show
PEDOT morphology after 20 seconds; discrete particles indicate complete polymerization inside a
reactor. Bottom row shows images of particles collected after a 2 second residence time, the
aggregated morphology indicates sintering of particles. All scale bars are 2 m.
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Figure 2.11 In-line measurements at 600 sccm total flow rate. The red bar shows that when
using a 600 sccm total flow rate, the main product are particles with a 350 nm diameter. All
particles are collected by ethanol bubblers and none are exhausted i.e., bypass the ethanol
collectors. The inset image shows collected PEDOT particles. Scale bar = 2 m.

The mass transport of monomer vapor provides a chemical handle for controlling stoichiometry
effecting a change in particle color that is directly related to conjugation length and electrical
conductivity. To test mass transport, oxidant solution concentration, nebulization chamber liquid
level, and oxidant delivery rate (88.65mol/min) are kept constant. The monomer vapor
delivery rate is controlled by nitrogen carrier gas flow rate and by the temperature of the liquid
monomer reservoir.51 Diffusion of EDOT monomer vapor in the carrier gas is
thermodynamically activated by its enthalpy of evaporation (44.35 kJ/mol). Detailed derivation
is the following:
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EDOT at ambient temperature is a semi-volatile liquid and bubbling nitrogen through the liquid
is a simple and effective method for delivering its vapor into a reactor. Based on ideal gas theory,
the concentration is dependent on the partial pressure of a gas and the saturated vapor pressure of
liquid and determined by the environmental temperature using the Clausius-Clapeyron Equation
(Equation 2.1):

𝑙𝑛

𝑃2
𝑃1

=−

∆𝐻𝑣𝑎𝑝
𝑅

1

1

𝑇2

𝑇1

( − )

(2.1)

Literature shows that there are two saturated vapor pressures for EDOT reported at two different
temperatures i.e., 1) 20 C = 0.04 Kpa,52 2) 90 C =1.333 Kpa.53
Then, ∆𝐻𝑣𝑎𝑝 is calculated as 44.35 kJ/mole and this is consistent with the predicted value from
ACD/Labs Percepta platform, which is 42.93.0 kJ/mol.54
We assume EDOT is saturated in the carrier gas and therefore its concentration is (Equation
2.2):

C=

𝑛𝐸𝐷𝑂𝑇
𝑛𝑁2

=

𝑃𝐸𝐷𝑂𝑇
𝑃𝑁2

(2.2)

where, PEDOT and PN2 are the saturated vapor pressures of each gas at a specific temperature.
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Figure 2.12 Theoretical vapor pressure and concentration of EDOT versus temperature.

To predict monomer concentration, a theoretical monomer vapor delivery rate curve is
constructed assuming that EDOT’s partial vapor pressure equilibrates immediately upon contact
with bubbling nitrogen gas (Figure 2.13a black curve). Experimental measurements show
however, that the delivery rate is kinetically constrained by the contact time between nitrogen
bubbles and liquid monomer. The experimental monomer delivery rate is lower than
theoretically predicted both when using a slow (75 sccm) (Figure 2.13a red points) or a fast
(2000 sccm) (Figure 2.13a blue points) nitrogen flow rate. This deviation from theory is
proportional to flow rate given that at higher values, minimal diffusion of EDOT vapor in
nitrogen bubbles occurs. A calibration curve enables our theoretical monomer vapor deliveryrate curve to predict accurate monomer concentration at any given flow rate. Concentration of
EDOT vapor is also controlled by the monomer reservoir temperature between 25 °C and 90 °C
under a constant total flow rate of 4000 sccm. This results in the oxidant-to-monomer ratio
decreasing from 7.5 to 0.12 and electrical conductivity decreasing from 33070 S/cm to
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1.220.2210-3 S/cm (Figure 2.13b). In AVP, a 7.5 oxidant-to-monomer ratio produces a doped
polymer of long conjugation length and blue particles whereas a ratio of 0.1 leads to purple
particles comprised of short chained oligomers. Particle color is discernable during the first
several minutes of collection enabling facile quality control of product. Extended heating of the
monomer reservoir induces a darkening of the liquid monomer due to oxidation, with negligible
effect on polymerization.

Figure 2.13 Stoichiometry versus structure and electrical conductivity of PEDOT particles. a)
Theoretical (black) and experimental (red, blue) concentrations of EDOT vapor under different
nitrogen flow rates at different monomer reservoir temperatures. The diffusion of EDOT vapor into
the carrier gas is kinetically controlled and the experimental curve possesses a trend that follows
the theoretical curve. Note that at higher flow rates, deviation from theory increases. b), Electrical
conductivity of PEDOT particles produced at different oxidant-to-monomer ratios while holding
the total flow rate constant at 4000 sccm; error bars are generated from 3 samples. c), Fouriertransform infrared spectra show that lowering oxidant-to-monomer ratio results in PEDOT particles
with shorter conjugation length as evidenced by the lower peak ratio between C=C and C-O-C. d),
Powder X-ray diffraction patterns show PEDOT’s crystalline structure. The inset illustrates the
directions assigned to each peak. e), X-ray photoelectron spectra of Cl 2p reveal that a lower
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concentration of EDOT vapor leads to a higher doping level and to dopants with stronger affinity to
the polymer backbone.

2.2.4 Chemical characterization of PEDOT
Polymer conjugation length, probed using Fourier-transform infrared spectroscopy (Figure
2.13c), shows the characteristic C=C stretch from the doped quinoid PEDOT structure55 at 1500
cm-1 and the C-O-C vibration peak at 1000 cm-1 from the ethylenedioxy group.56 Oxidative
doping converts PEDOT’s structure from benzoid to quinoid leaving the ethylenedioxy group
unaltered thus enabling characterization of the conjugation length by their relative ratios.39 As the
monomer vapor concentration increases, the peak intensity of quinoid gradually drops with
respect to ethylenedioxy due to the formation of oligomers of short conjugation length. Solidstate packing of particles, synthesized under various monomer vapor concentrations, is
characterized by crystallinity determined via powder X-ray diffraction (Figure 2.13d). Three
major peaks are present, the first two are assigned to (100) and (200) directions indicating edgeon packing; the third peak, assigned to (020), suggests face-to-face packing (Figure 2.13d,
inset).2, 57 Different degrees in conjugation length exhibit similar levels of crystallinity (Figure
2.14) given that PEDOT’s tendency to crystallize is driven by its semi-rigid backbone and solidstate packing.58 Crystallinity therefore is a non-determinant contributor to conductivity among
various samples. The chloride counter anion dopant in PEDOT’s backbone is probed using X-ray
photoelectron spectroscopy (Figure 2.13e) by comparing Cl:S ratio and using the Cl 2p peak
normalized against S 2p. The area underneath the curve indicates doping level and PEDOT
synthesized from a lower monomer vapor concentration exhibits a chloride to sulfur ratio of
30, close to the theoretical limit of 33. This high doping level on the conjugated backbone
leads to a conductivity of 33070 S/cm. X-ray photoelectron spectra for all samples show three
doublets from three chloride environments with binding energies of 198.6 eV, 196.9 eV and
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194.5 eV. These values are lower than that of covalent Cl-C bonding at 200 eV59 and are thus
assigned to ionic doping Cl- moieties.60 Lower energies are assigned to mobile chloride ions and
higher energies to less mobile chloride ions. The stifling of chloride ion mobility is caused by
PEDOT’s high lattice energy and charge carrier interactions that prevent ion diffusion,21 this is
also observed on conducting polymer films that exhibit minimal exchange of counterions.61 The
low mobility for chloride ions indicates a deep and stable incorporation into the polymer
backbone, resulting in high chemical and physical stability; PEDOT particles remain doped for
months even after undergoing multiple lyophilization cycles (Figure 2.15).

Figure 2.14 Powder X-ray diffraction patterns of PEDOT particles synthesized with different
oxidant to monomer ratio show almost identical peaks.
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Figure 2.15 Photos of four-point probe measurements of PEDOT pellets before and after aging in
air.

2.2.5 Solid state NMR of doped PEDOT
Solid state NMR is an ideal quantitative characterization technique for conducting polymers
providing exquisite molecular and structural information62; therefore, we conducted solid state
C NMR to understand PEDOT’s backbone architecture and doping levels. NMR spectra are
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obtained with a 4-frequency spectrometer described in detail earlier.63 Each 100-mg sample
consists of one part PEDOT and four parts sulfur ground and mixed uniformly to suppress
macroscopic conductivity.64 The spectrum of a highly doped PEDOT (Cl– counterion) shows a
narrow resonance at 80 ppm and two broad resonances, one centered near 150 ppm and the other
near 50 ppm (Figure 2.16a). We attribute the narrow peak to diamagnetic -CH2O- carbons, and
the 150 ppm broad peak to conductive carbons (Figure 2.16a, insets). The conductive carbons
support delocalized charge distribution which leads to broadening.62 The 150-ppm peak is
assigned to conductive sp2 carbons directly bonded to oxygen or sulfur. (the 50-ppm peak will be
assigned later in this discussion.) Of the two broad peaks, only the 150-ppm peak substantially
survives interrupted decoupling (Figure 2.16b). This result indicates that conductive sp2 carbons
are not proximate to either intra- or interchain protons.

43

44

Figure 2.16 Solid State NMR spectra of AVP PEDOT microparticles. 71-kHz matched
Hartmann-Hahn proton-carbon cross-polarization 125-MHz 13C NMR spectra of PEDOTs (see the
repeat-unit structure, black, and its nearest-neighbor green, panel c) with varying levels of doping
(high, panels a and b; medium, panels c and d; and low, panels f and g). Time-domain data
acquisition followed a two rotor-period Hahn echo (denoted as “cpecho”) (panels a, d and f). Spin
editing involved 80-μs interrupted proton dipolar decoupling during the Hahn echo (panels b and
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g), or reduction of the cross-polarization contact from 1 ms to 100 μs (panel e). Each spectrum was
the result of 80,000 scans with a 4-s repeat time and 6.25-kHz magic-angle spinning.

If the chloride counter-ion is exchanged by an acetate ion, the NMR spectrum permits an
estimate of the degree of doping. The theoretical maximum doping level of PEDOT is 33%, in
which there is one acetate methyl carbon for every six oxygen-substituted sp3 carbons,
suggesting bipolaronic states throughout the chains (Figure 2.16c). The observed ratio of
integrated peak intensities at 20 ppm (methyl carbon) and 80 ppm (sp3 carbon) is about 1 to 12
(Figure 2.16d). Thus, the PEDOT of panel c is approximately half doped at 15%. This doping
level is lower than 30% as determined by X-ray photoelectron spectroscopy suggesting partial
exchange of chloride ions with acetate ions. Possibly, this is the result of incomplete dedoping of
chloride ions and sterically hindered acetate ions.
A short HC cross-polarization contact results in a spectrum arising from just protonated
carbons. Two peaks are observed (Figure 2.16e), one narrow at 80 ppm already assigned to
-CH2O- carbons, and the other broad, centered near 50 ppm. We assign the broad peak to CH2O- carbons near conductive loops formed by the proximity of two PEDOT chains (Figure
2.16c, dotted lines and yellow highlight). We have pictured nearest-neighbor chains in separate
planes, one above that of the paper (black) and the other below that of the paper (green). The
current flowing in the black part of the loop is left-to-right from the charge-insertion center, and
the current in the green part of the loop is right-to-left (Figure 2.16c, insert right). The induced
magnetic field (Bi) for both parts is therefore opposed to the static field (Bo). This means that the
Larmor frequency for -CH2O- carbons near the conductive path (red dots in Figure 2.16c) will
be shifted to higher field, as observed in Figure 2.16e. The Lamor frequencies of the sp2 carbons
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within the conductive paths are dominated by local electron density and are therefore broadened
but not shifted.62
Lower doping levels can be achieved by using acetate as the initial dopant. The observed ratio of
intensities at 20 and 80 ppm for a lightly doped PEDOT (Figure 2.16f) is increased by a factor
of 4 relative to that of the PEDOT in Figure 4d. For 15% doping, an increase of 100 would be
expected because of 13C isotopic enrichment over natural abundance. Thus, the PEDOT of panel
f has a doping of approximately 1%. This low level of doping means that some relatively narrow
lines are observed (Figure 2.16f) for non-conductive sp2 carbons directly bonded to oxygen (150
ppm) and sulfur (120 ppm), consistent with earlier assignments.65, 66 The former survives
interrupted decoupling but the latter does not (Figure 2.16g). Much of the methyl-carbon peak
survives interrupted decoupling because internal C3 motion decreases H-C dipolar coupling.

2.2.6 PEDOT particles as an additive for thermoplastic and cementitious
composites
Unlike PEDOT:PSS, AVP-PEDOT particles afford high processability in organics and serve as
stable colloids in common organic solvents (Figure 2.17a). Thermoplastic composites are
readily formulated using a polycaprolactone matrix and 25 wt% loading of PEDOT particles
(Figure 2.17b); these are homogeneously distributed as shown by scanning electron microscopy
(Figure 2.17b inset) (Details in Methods). Polycaprolactone is a flexible thermoplastic utilized
as a cell substrate in biological applications and as a 3D printing filament in fused deposition
modeling. The incorporation of particles leads to a percolation network rendering this film
electrically conductive (Figure 2.17b) and results in a sensor for detecting vapors of acids and
bases. The current-voltage profile of this composite film shows ohmic behavior as well as
reversible doping and dedoping in the presence of HCl and NH3 vapors, respectively (Figure
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2.17c). PEDOT particles are also easily processed in molten sulfur (Figure 2.17d) for
construction applications. Sulfur is the thermoplastic cementitious matrix in sulfur concrete, a
promising structural material possessing tensile strength greater than that of traditional Portland
cement-based concrete and is also acid resistant. Sulfur concrete is produced by mixing gravel,
sand, molten sulfur and solidifies immediately upon cooling reaching maximum strength within
24 h after casting (Figure 2.17e). A stifling limitation for the commercialization of this type of
concrete lies in sulfur’s low melting point (120 °C) and its thermoplastic nature which leads to a
loss of structural integrity at 88 °C.67 The addition of PEDOT particles to sulfur concrete enables
engineering of a chemoresistive sensor that indirectly monitors temperature; the electrical
resistance of PEDOT decreases with increasing temperature due to the promotion of charge
carriers to the conducting band. A PEDOT-sulfur concrete composite contains PEDOT particles,
sand, and sulfur; the addition of conducting polymer particles increases the weight of sulfur
concrete by 10%. Mixing in a bath sonicator at 140 °C results in a solid-state electrically
conductive composite upon casting with PEDOT particles homogeneously dispersed in the
matrix (Figure 2.17f) (Details in Methods). Two iron wires embedded in the composite,
connected to a common handheld multimeter serving as electrodes (Figure 2.17g) enable
detection of electrical resistance as a function of temperature (Figure 2.17h). The response to
temperature is linear and reproducible over months due to the chemical and physical stability of
PEDOT particles (Figure 2.17i) providing a robust baseline for measuring the internal
temperature of sulfur-concrete and detecting any ensuing structural deformation.
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Figure 2.17 Submicron-sized AVP-PEDOT particles as universal additives for thermoplastic
and cementitious composites. a) Dispersibility of PEDOT particles (1 mg/10 mL) and
PEDOT:PSS in common organic solvents shows the superior solution processing of our particles.
b), A polycaprolactone-PEDOT composite is produced using a 25 wt% loading of polymer
particles and inset shows a scanning electron micrograph of the composite with a homogeneous
particle distribution; scale bar is 1 µm. c), Current-voltage profile dependency on the doping of
PEDOT particles is demonstrated as the composite is exposed to an acid (blue) or a base (red). d),
PEDOT particles are processable in molten sulfur unlike PEDOT:PSS. e), Photographs show
sulfur, sulfur concrete and PEDOT incorporated in sulfur concrete. f), Scanning electron
micrograph of the cross-section of a piece of sulfur concrete containing PEDOT particles
distributed throughout the bulk; scale bar is 10 µm. g), Electrical resistance measurements on
PEDOT-sulfur concrete composite are carried out by embedding metal electrodes connected to a
multimeter. A 10 wt% addition of PEDOT particles changes sulfur concrete’s infinite resistance to
3.651 k/square. h), The resistance change with respect to temperature is linear, reproducible and
reversible. Error bars are produced using data from triplicate measurements collected every 30 min
to allow for temperature homogenization and resistance stabilization. i), Electrical resistances of a
PEDOT-sulfur concrete composite cycled between room temperature and 80 ºC. Measurements
demonstrate a stable and reproducible response over 2 months, with standard deviation of 0.0400
(25 ºC) and 0.0122 (80 ºC).
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2.3 Conclusions
In this work, we demonstrate a scalable continuous synthetic approach to producing submicronsized PEDOT particles of high conductivity (330±70 S/cm) by combining monomer vapor and
an oxidizing aerosol. Our approach utilizes an independent feedstock of reactants where water
droplets, produced from a common household ultrasonic nebulizer, serve as structure directing
agents. We take advantage of fast polymerization kinetics from the vapor phase to produce
exceptionally high chemical and physical stability in our particles which remain doped for
months. AVP-PEDOT particles are discreet and collected as a solid-state powder that is ideal for
1) producing aqueous charge-stabilized colloids that obviate the need for surfactants and 2)
developing semiconducting organic thermoplastic and cementitious composites. The
functionality provided by these particles serving as additives enables engineering of robust pH
and temperature sensors.

2.4 Methods
Reagents Iron(III) chloride (reagent grade, 97%), ethanol (200 proof, anhydrous) and 3,4ethylenedioxythiophene (EDOT, 97%) were purchased from Sigma Aldrich and used without
further purification. Ultrapure water was obtained from a Millipore filter (18.2 MΩ).
Particle Purification. An ethanol dispersion containing PEDOT particles was reduced using a
rotary evaporator to a 50 mL aliquot and subsequently centrifuged in 1 M hydrochloric acid until
the supernatant became colorless or light blue. Hydrochloric acid removes any iron from
particles and dopes the polymer. Particles were then washed with water and centrifuged until a
dispersion of pH of 7 was obtained. A purified dispersion is frozen and lyophilized resulting in a
blue colored powder.
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Microscopic characterization. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy data were collected using a JEOL 7001LVF FESEM. Samples were dispersed in
water and drop cast on gold coated polyimide tape. Off-line size distribution measurements were
carried out using ImageJ.
Spectroscopic characterization. Fourier-transform infrared spectra of the dry powder samples
were collected with a Bruker ALPHA Platinum-ATR. Powder X-ray diffraction spectra were
collected using a Bruker d8 advance X-ray diffractometer at room temperature, with a Cu Kα
radiation source (λ = 1.5406 Å) and LynxEyeXE detector, operating at 40 kV and 40 mA. Dry
powders of each sample (20 mg) were doctor-bladed on a zero-intensity silicon wafer and the
sample holder was rotated at 30 rpm/min using a scan step of 0.02°. Ultraviolet-visible-near
infrared spectra were collected on a Cary 5000 UV-vis-NIR spectrophotometer using a parallel
liquid cell. Solid powders were dispersed in 1 M HCl and 1 M KOH aqueous solutions and
sonicated; data was collected in a quartz cuvette. X-ray photoelectron spectroscopy was
conducted on solid samples using a PHI 5000Versaprobe II with an Al 1486.6 eV Mono-X-ray
source at 51.3 W, a beam diameter of 100−200 μm and a 1 V neutralizer at 15 μA.
Pellet fabrication and conductivity measurements. A pellet required 10 mg of PEDOT
particles and was formed using a 13 mm diameter die by pressing under a hydrostatic pressure of
3,500 kg/cm2 for 2 min. The pellet thickness ranged between 30 m and 40 m and two 13 mm
Teflon liner plates were used during pressing. Two-point resistance and current-voltage profile
measurements were performed by attaching two leads to a sample using a collinear four-point
probe station. Configuration (Figure 2.18 a, b) required a Keithley 2450 Source and
Measurement Unit and a Signatone four-point probe station. Conductivity was averaged over 10
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measurements by rotating a pellet; detailed calculations for determining electrical conductivity
were previously reported by our group.68

Figure 2.18 Pelletized PEDOT particles current-voltage curves and experimental setup.. a)
Two-point configuration. b) Four-point probe configuration.

Particle size and zeta potential measurements. A Portable Aerosol Spectrometer (GRIMM,
model 11-C) was used to measure the in-line particle size distribution. Off-line size distribution
was carried out using imageJ on 10 scanning electron micrographs and over 800 particles are
measured. The zeta potential of a PEDOT particle dispersion was measured at pH 7 using a
Malvern Zetasizer Nano series instrument.
Composite Fabrication. PEDOT-polycaprolactone composite required 25 wt% of PEDOT
particles, 75 wt% polycaprolactone and trifluoroethanol mixed using sonication for 1 h. A
homogeneous dispersion was drop cast on a silicone mat and air dried at room temperature for 6
h; the resulting composite film peeled off the silicone mat easily.
PEDOT-sulfur concrete composite required mixing 40 wt% sulfur powder, 50 wt% sand and 10
wt% PEDOT in a glass vial serving as a mold. This mixture was sonicated for 30 min in an oil
bath heated to140 °C using a cartridge heater. The molten mixture was allowed to cool to room
temperature and the solidified sample was removed from the glass mold.
AVP setup and two types of coiled reactors. The AVP setup covers the whole fumehood
(Figure 2.19a) and we have trialed two types of coiled reactors, a customized glass coil (Figure
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2.19b) and a beer cooling coil (Figure 2.19c). The customized glass coil is selected because the
acidic FeCl3 precursor causes the leaking on the metal coils after several months of production.

Figure 2.19. The photos of the setup and two types of coiled reactors. a) The reactor system
contains an aerosol generator (ultrasonic nebulizer), a liquid bubbler, a coiled glass reactor, a
heater, three gas scrubbers, a syringe pump, two mass flow controllers and 4 PID controllers. b)
The customized glass coil is selected as the reactor and is under reaction. The blue color is from
AVP PEDOT synthesis. c) The beer cooling coil also works as a reactor, however it is
incompatible with FeCl3 aerosols and the smaller diameter leads to clogging more often than the
glass one.
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: Organic processable PEDOT
particles formulating a ink for 3D printing
3.1 Introduction
Conducting polymers possess unique electronic, ionic and optical properties that are essential for
advancing next-generation bioelectronics,1, 2 energy harvesting/storage electrodes,3-5 and
electrochemical catalysts.6-8 However, their insoluble nature stifles processing, prompting
interest in the development of solution-processable conducting polymers. The long chain
polymer poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) is a commercial
formulation9 where PEDOT is dispersible in an aqueous ink suitable for drop casting, spin
coating, ink-jet printing10 and even 3D printing.11, 12 Unfortunately, PSS is incompatible with
non-aqueous formulations thereby limiting compatibility with organic solvents for coating
hydrophobic substrates such as moldable and 3D pritable thermoplastics.
Liquid dispersions of submicron particles are an attractive alternative to liquid polymer
solutions for overcoming insolubility restrictions associated with conducting polymers.13
However, synthesis and optimization of highly conductive PEDOT particles in the submicron
range are far less established compared to thin films.14-16 Therefore, optimizing particle synthesis
is a promising route towards formulating highly conductive organic-based conducting polymer
paints.
Here, we develop a continuous PEDOT particle synthesis with an optimized electrical resistance
of 4.2 ± 0.5 Ω measured by a gap electrode (1 mm separation). Particles are utilized for
formulating an organic paint that conformally coats 3D printed thermoplastics with an
electrically conductive coating (1 kΩ/cm) demonstrating organic processability. Coatings on 3D
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printed objects enable engineering of stretchable resistive sensors. Moreover, PEDOT’s charge
carriers absorb light in the NIR range rendering a paint surface highly photothermally active.
Exposing a painted surface to a laser (808 nm, 0.8 mW/cm2) for 5 seconds leads to the highest
reported temperature increase (194.5 °C) among PEDOT coatings17, 18 demonstrating great
potential for light-induced surface sanitization.

3.2 Results and Discussion
3.2.1 Processable PEDOT particles with high electrical conductivity
PEDOT particles are synthesized by reacting a stream of aqueous FeCl3 aerosols with EDOT
vapor inside a flow reactor. The reactor (Figure 3.1a) is modified from our previously reported
studies to achieve continuous production (details in materials and methods) and enables a ~1
min residence time of aerosol flow sufficient for PEDOT polymerization.19, 20 Particles collected
as a powder (Figure 3.1b) are spherical (Figure 3.1c and Figure 3.2) and readily dispersible in
water (Figure 3.1c inset). Electrical resistance is measured by a 1 mm gap electrode (Figure
3.3) and is the lowest reported among PEDOT particles (4.2 ± 0.5 Ω). Particles are pressed into a
pellet to facilitate probe contact and I-V measurements; results show a linear curve with an
increasing slope upon exposure to HCl vapor and a large ohmic window (-2.5 V to 2.5 V).
Oxidative doping imparts electrical conductivity to the polymer chains by introducing mobile
charge carriers (polarons, bipolarons).21 According to the Drude model (σ = qnμ),22 high
electrical conductivity is achieved when charge carrier concentration (n) and mobility (μ) are
maximized (q is a unit charge). The polymer’s molecular structure must possess 1) a long
conjugation length to accommodate high concentrations of charge carriers (doping level)23, 24 and
2) ordered chain packing (crystallinity) enabling high mobility of charge carriers.25 Oxidative
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radical polymerization of conducting polymers follows a step-growth mechanism24, 26 with
concomitant oxidative doping after each step of chain coupling (when chain length exceeds 6
units).24 Therefore, synthetic conditions are important for controlling the polymer’s molecular
structure and electrical properties.

Figure 3.1 Flow process diagram of PEDOT submicron particle synthesis via aerosol vapor
polymerization. a) A straight glass tubular reactor connects to a round bottom flask containing
liquid EDOT monomer that is pushed into the reactor aided by a nitrogen carrier gas. An aerosol of
oxidant droplets (carrying FeCl3) is generated by an ultrasonic nebulizer and introduced into the
vertical reactor from the side. The reactor is heated to 130 °C while the EDOT monomer
temperature is kept at various temperatures. Particles are collected by directing aerosol products
through three ethanol-filled bubblers connected in series. b) Particle collected as a powder after
purification and lyophilization. c) Scanning electron micrograph shows spherically shaped discrete
PEDOT particles (scale bar is 1 μm); inset shows that particles dispersed in water forming a
colloidal without surfactants. d) Current-voltage profile shows that PEDOT particles are
conductive with ohmic behavior (black curve) and the conductivity increases as evidence by a
steeper slope (blue curve) after doping with HCl vapor.
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Figure 3.2 An optical micrograph of PEDOT particles. (dropcasted on a glass slide) showing
spherical shape.

Figure 3.3 An illustration of a 3D printed gap electrode for measuring electrical resistance. In
each measurement, 10 mg PEDOT particles were weighed and casted into the bottom chamber,
where the measuring head was pressed against using a certain weight. The electrodes were two
copper tapes with a separation of 1 mm and a multimeter was used to measure the resistance.

Synthesis requires aerosolization of oxidant (FeCl3 solution) and vaporization of liquid monomer
(EDOT) which is controlled by heating an EDOT liquid bubbler to release EDOT vapor.19 Three
scrubbing bottles containing ethanol are connected in series and used to collect the product of
synthesis i.e., a liquid mixture comprised of PEDOT particles, excess oxidant, monomer and
byproducts (Fe2+ or EDOT oligomers). The color of the liquid mixture provides a rough
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indication of a successful synthesis where a light blue dispersion color is characteristic of a
highly conductive batch, greenish or yellowish dispersion indicates excess oxidant, and purple
dispersion indicates excess EDOT monomer (Figure 3.4). We produce five samples varying in
EDOT to Fe3+ ratio (0.25, 1, 5, 9, 20), and are labeled as PEDOT (1:4), PEDOT(1:1),
PEDOT(5:1), PEDOT(9:1) and PEDOT(20:1), respectively. These samples are utilized for
studying crystallinity, doping levels, and electrical resistance as a function of stoichiometry.
Powder X-ray diffraction (pXRD) is a fast and nondestructive technique used to examine
polymer crystallinity.27, 28 The XRD pattern exhibits three characteristic peaks for PEDOT29
where the first two peaks (2θ = 6.5°and 2θ = 12.8°) represent edge-on packing of (100) and
(200) planes, respectively ( interplanar distance = 1.32 nm). The third peak (2θ = 25.9°)
represents face-on - stacking of (020) plane with a d spacing of 0.41 nm, which is smaller than
a single crystalline PEDOT nanowire.25 The short - distance facilitates high charge mobility22
leading to high electrical conductivity of particles and negligible difference in the number and
position of peaks among each PEDOT sample indicates ordered chain packing (Figure 3.5a).Our
PEDOT particles show higher crystallinity than those synthesized in the solution phase20, 30, 31
which likely arises from - stacking facilitated by size-constrained polymerization at the
micron-sized aerosol droplet’s surface.25
Absorption spectra obtained via UV-Vis-NIR spectroscopy are used to quantitatively probe
doping levels of PEDOT particles. Particles are dispersed (0.1 mg/mL) in a 1 M HCl solution to
eliminate protonic doping induced-variation on the spectra19 and results show that EDOT to Fe3+
ratio affects the area-under-the-curve in the free charge carrier region (450 nm – 1390 nm)
(Figure 3.5b). This region is chosen because it maximizes the signal-to-noise ratio. The
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integrated area-under-the-curve (baseline against lowest point on the spectrum) exhibits an
inverse proportional trend with PEDOT’s electrical resistance (Figure 3.5c) due to polaronic and
bipolaronic charge carrier signals in the polymer backbone. A larger underlying area corresponds
to greater charge carrier concentration based on Beer-Lambert law32 resulting in lower electrical
resistance. Although neutral - is not considered a charge carrier in PEDOT chains,21 it
indicates polymerization and conjugation because the spectrum of pure EDOT lacks signals in all
-, polaronic, and bipolaronic regions (Figure 3.5b bottom curve). Therefore, the integrated
area-under-the-curve of the free charge carrier region serves as a reference for selecting a highly
electrically conductive PEDOT batch and we select an area of 500 as the cut-off line. Notably,
each measurement requires a small amount of sample (< 1 mg) allowing for batch processing.

Figure 3.4 Photos of collected liquid dispersion varying EDOT: Fe3+ ratios. A light blue color
indicated the optimized synthesis with an equal concentration of both reactants. Greenish or
yellowish color indicated excess oxidant while purplish color indicated excess monomer.
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Figure 3.5 Electrical and spectroscopic characterization of PEDOT particles. a) Powder X-ray
diffraction patterns of PEDOT particles synthesized with different EDOT to Fe3+ ratios indicate an
ordered chain packing with negligible differences among different stoichiometry. b) Representative
UV-Vis-NIR spectrum of PEDOT particles synthesized with different EDOT to Fe3+ ratios and of
pure liquid EDOT. c) The measured electrical resistance (using a 1 mm gap-electrode) follows an
inverse proportional trend with integrated area-under-curve (450 nm – 1390 nm) on the UV-VisNIR spectrum.

3.2.2 Organic paint for thermoplastics
We formulate an organic paint that coats hydrophobic surfaces and is comprised of PEDOT
particles, solvent (trifluoroethanol) and polycaprolactone (PCL) thickener. This formulation
stabilizes colloidal particles and generates optimal viscosity for coating 3D printed
thermoplastics (Figure 3.6a) such as polylactic acid (PLA), polyethylene terephthalate glycol
(PETG) and thermoplastic polyurethane (TPU). Paint is applied via drop-casting and brushpainting, eliminating the need for a priming step33 because the solvent partially dissolves
thermoplastic surfaces which enables PEDOT particles to firmly attach to the 3D printed objects.
Trifluoroethanol’s moderate evaporation rate (vapor pressure of 7 kpa at 20 °C)34 facilitates
deposition of a coating and prevents particle precipitation during drying35 (Figure 3.6b). A
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coating is conformal (Figure 3.6c) and particles remain adhered after repeated scotch tape tests
(Figure 3.6d) whereas PEDOT:PSS paint beads up on hydrophobic surfaces and delaminates
after drying (Figure 3.7a,b).
A formulation results in an electrically conductive coating when the particle to PCL volume ratio
reaches a percolation threshold,36 increasing this particle loading, enhances percolation by
providing additional connections up to a point. Excess particles disrupt the integrity of the film
causing the coating to become insulating which results in the formation of cracks after drying
(Figure 3.6e). Optimal PEDOT to PCL ratio is 1:2 resulting in a two-point surface resistance of
~ 1 kΩ (gap of 1 cm) which is similar to commercial conductive 3D printing filaments (1.8 kΩ,
Proto-Pasta Conductive PLA). Applying our PEDOT particle paint is advantageous compared to
using conductive filaments because they are much more expensive (double the price of pristine
filaments) and contain hard carbon particles that potentially lead to nozzle cracking and
deformation.
We demonstrate the functionality of our paint by engineering chemical sensors because PEDOT
is chemically sensitive to pH changes allowing the coating to act as a pH indicator. Acids lower
PEDOT’s resistance due to protonic doping37 while bases increase its resistance due to dedoping
or hydrolysis.38 We fabricate a pH sensor by painting a PLA block and measure its electrical
resistance via two-point current-voltage characterizations (Figure 3.6f inset). Linear curves are
obtained with the steepest slope from exposure to (Figure 3.6f) HCl vapor (pH = 1).
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Figure 3.6 Functionalization of 3D printed thermoplastics utilizing PEDOT particle paint. a)
A photo of PEDOT paint and an illustration of its three components: PEDOT particles, solvent
(trifluoroethanol) and thickener (PCL). b) Paint is applied by brush-painting or drop-casting, and a
priming step is unnecesary because solvent partially dissolves the surfaces of the 3D prints. c) A
paint conformally coats the surface of 3D printed objects with d) no visible delamination after
repeated scotch tape tests. e) Graph shows two-point resistance of coating with respect to PEDOT
mass loading. PEDOT weight percentage is calculated with respect to the total weight of PEDOT
and PCL. When PEDOT mass ratio reaches 20%, the paint is conductive and after which the
increasing of PEDOT loading leads to a lower resistance. When PEDOT mass ratio increases
beyond 33%, powdery mud crack forms and the coating becomes insulating. f) A painted PLA
block (inset) shows a linear I-V curve response which is sensitive to environmental pH; a lower pH
leads to a lower resistance. g) A strain sensor is fabricated by painting a 3D printed TPU substrate
(top left inset shows a photo of the strain sensor while bottom right inset shows the testing
mechanism). A reproducible resistance change is monitored up to an 80% strain with a (h) stability
of 200 cycles. Inset shows that a hysteresis is monitored using our strain sensor and it takes ~ 20s
for the strain sensor to regain the original shape after a 33% deformation.
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Figure 3.7 Photos of PEDOT:PSS paint on 3D printed thermoplastics. a) A droplet of
PEDOT:PSS beaded up on the hydrophobic surfaces. b) The PEDOT:PSS coating delaminated
after drying.

To demonstrate a conformal and robust coating, we fabricate a strain sensor that capitalizes on
the particle nature of our paint by coating a 3D printed stretchable polyurethane substrate
(Figure 3.6g top left inset). Electrical resistance during repeated stretch-release cycles is
monitored with a multimeter (Figure 3.6g bottom right inset). The relative resistance change
(∆R/R0) is highly reproducible within a wide strain range (0%-80%) and is comparable to a
polyurethane strain sensor fabricated by a three-step painting process.39 ∆R/R0 roughly follows a
linear trend that increases with greater strain (Figure 3.6g). A sharp jump in slope is observed
when strain rises from 33% to 50% due to the formation of cracks (Figure 3.8a,b) that disrupt
the conductive percolation. Regardless of cracking, the measurement is still reproducible because
the paint formulation strongly adheres PEDOT particles to polyurethane surfaces, therefore the
conductive percolation is restored once the polyurethane returns to its original shape.40 The strain
sensor is stable for up to 200 cycles (at 80% strain) (Figure 3.6h). Interestingly, the coating also
enables hysteresis of the strain sensor to be monitored and exhibits a ~20 second delay in
returning to its original shape from a 33% strain (Figure 3.6h inset).
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Figure 3.8 Optical micrographs of PEDOT particle coated TPU strain sensor. a) PEDOT
particles were homogenous on TPU film before stretch-releasing test. b) After stretch-release tests,
a lot of cracks (pointed by red arrows) were observed on the film. Note that measurements were
still reproducible because particles were well adhered to base TPU

3.2.3 Organic paint for carbon electrode and electrophoretic deposition of
PEDOT particles
We modified the paint formulation to coat hydrophobic carbon papers with PEDOT particles in
order to perform electrochemical testing, and this paint contains chloroform as the fast drying
solvent, polylactic acid (PLA) as the stabilizer as well as an ion-permeable binder.41 In this case,
PLA wraps particles and immobilizes them onto the carbon paper; a low mass loading of 10 wt%
is optimal ensuring that the majority of the active material is PEDOT particles. We fabricate the
working electrode via dropcasting and measure the gravimetric capacitance using a threeelectrode configuration (details in materials and methods).
A quasi-rectangular cyclic voltammogram (25 mV/s) reveals the capacitive behavior of PEDOT
particles 42, 43 with negligible contribution from carbon paper (Figure 3.9a). Redox peaks at 0.4V
(vs. Ag/AgCl) likely stem from the residual iron species43 and diminish when the scanning rate
increases to 1000 mV/s because faradaic processes occur faster in PEDOT than in iron species.43
Interestingly, PEDOT(1:1) sample (with the lowest electrical resistance) possesses the highest
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gravimetric capacitance (80 F/g at 25 mV/s) among all samples (Figure 3.9b) and represents the
state-of-the-art among reported PEDOT particle-based electrodes.44, 45
Unfortunately, fabricating electrodes by dropcasting has two drawbacks: 1) particles aggregate
on the carbon paper surface (Figure 3.9c) and 2) an insulating binder is required to immobilize
these particles. Both of these stifling features are detrimental to charge transport between the
active material and current collector,46 causing the cyclic voltammogram to shrink to a fusiform
shape with a 55% capacitance loss when cycling rate increases to 1000 mV/s (Figure 3.10a,b).
Electrophoretic deposition (EPD) overcomes these challenges by obviating the need for
insulating binders. In EPD, an electrical field is applied across a colloidal dispersion allowing
positively charged particles to migrate in the liquid media and impact onto the negative substrate.
As a result, a stable coating is formed that undergoes repeated electrochemical cycling.46 We
utilize EPD to fabricate a working electrode where charged PEDOT(1:1) particles (dispersed in
acetonitrile, 1 mg/mL) deposit onto a porous carbon paper via a 40 V/cm electrical field (Figure
3.9d). An electrode fabricated by EPD possesses a homogeneous particle coating that is
uniformly distributed throughout the porous carbon current collector (Figure 3.9e) facilitating
fast charge transport at the interface. Small capacitance loss (<20%) (Figure 3.9f) with a quasirectangular cyclic voltammogram (collected from 25 mV/s to 1000 mV/s) (Figure 3.10c)
indicates a high rate performing electrode. It is very interesting that in a two-electrode system,
PEDOT are stable in the -40 V voltage and actually I tried a -400 V and PEDOT does not gets
degraded or rather just dedoped to yellow color. After removing the voltage, PEDOT slowly
returns to bluish color in the air with regained electrical conductivity. Cyclic voltammetry
facilitates this process.
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Figure 3.9 Electrochemical characterization of PEDOT particle electrodes. a) Cyclic
voltammogram of carbon paper and PEDOT-coated carbon paper (via dropcasting). The
capacitance contribution from carbon paper is negligible. The redox pair at 0.4 V is possibly due to
residual Fe3+ species. b) Specific capacitance of PEDOT particles synthesized with different EDOT
to Fe3+ stoichiometries (calculated using cyclic voltammogram at 25 mV/s); the (1:1) ratio leads to
the highest capacitance (80 F/g). c) Cross-sectional scanning electron micrograph of an electrode
fabricated via dropcasting. Particles are aggregated on the surface and carbon fibers are coated with
PLA binders. These leads to a slow charge transport (blue arrows indicate the particles, and the
scale bar is 10 μm). d) Illustration of electrophoretic deposition (EPD) of PEDOT particles. e)
Cross-sectional scanning electron micrograph of an electrode fabricated via EPD shows particles
distributed homogeneously throughout the porous carbon paper. Intimate contact between particles
and carbon fiber accounts for a high charge transport (blue arrows indicate the particles, the scale
bar is 10 μm). e) Electrode fabricated via EPD shows a higher capacitance retention than that
fabricated via dropcasting.
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Figure 3.10 Graphs of electrochemical testing results. a) Representative cyclic voltammogram
of electrodes fabricated by dropcasting at different scan rate. b) Specific capacitance with respect to
scan rate of different EDOT to Fe3+ ratio. c) Representative cyclic voltammogram of electrodes
fabricated by EPD at different scan rate.

3.2.4 More discussion on the electrochemical results
Figure 3.11a shows that reaction stoichiometry has an effect on the magnitude of the redox
peaks at 0.4 V. Plotting the integrated area-under-curve (only use cathodic peak) with respect to
EDOT to Fe3+ ratio implies a trend that when EDOT concentration increases during synthesis,
resulted PEDOT particles show enhanced peak area during cycling. Redox peak becomes almost
invisible for PEDOT (20:1) (Figure 3.11b red dots). These peaks are rarely reported because
PEDOT is viewed as a stable conducting polymer that exhibits only capacitive behavior
(constant current without peaks) in the 0-0.8 V range.4 However, in our case the reproducible
peaks clearly indicate a redox transition of PEDOT around 0.4 V. To better understand and
explain these peaks, electrochemical capacitances are calculated based on cyclic voltammogram
(Figure 3.11b black dots). Generally, a higher capacitance shows a larger redox peak. However,
it is important to note that PEDOT (1:1) with a smaller peak possesses the highest
electrochemical capacitance (~80 F/g) while PEDOT (9:1) with the largest peak accommodates
less capacitance ~75 F/g. Therefore, peaks are not additional doping on the polymer chain but
rather an indication of a kinetically restrained doping process.47
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Figure 3.11 Electrochemical properties affected by EDOT to Fe3+ ratio. a) Second cycle of
cyclic voltammetry of different PEDOT particles. The redox pair around 0.4 V is related to PEDOT
doping/dedoping, while the cathodic peak around 0.8 V is the water oxidation peak and it will
disappear after around 4 cycles. b) Peak charge integration (red dots) and specific capacitance
(black dots) of different EDOT ratio synthesis; they both show an inversely proportional trend to
electrical resistance. c) The capacitance ratio between 1000 mV s-1 and 25 mV s-1 indicates the rate
capability affected by ion diffusion in the electrode. d) -f) representative cyclic voltammogram
with and without peaks as well as illustrations of the relationship between doping capacitance and
electrical conductivity.

Peak area also roughly follows an inverse proportional trend to electrical conductivity, but it is
inconclusive if a high electrical resistance is the origin of the slow kinetics, as doping process
completes by delivering of both electrons and counter charged ions, and ion diffusion is usually
more sluggish than electron transport. Rate capability is therefore tested (Figure 3.10b) and the
capacitance reduction percentage from 25mV s-1 to 1000 mV s-1 is plotted against EDOT to Fe3+
ratio. The magnitude of capacitance reduction is smaller if ion diffusion is faster or less
restrained.48 It is surprising to find that PEDOT (1:1) with the highest electrical conductivity and
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capacitance, shows the lowest rate capability (~28% at 1000 mV s-1), while PEDOT (9:1) and
PEDOT (20:1) with a lower electrical conductivity or electrochemical capacitance shows higher
capacitance retention (~50% at 1000 mV s-1). To find the reason for the trend of ion diffusion
resistance, scanning electron micrographs (SEM) and tunneling electron micrographs (TEM) are
taken to evaluate the particles’ morphology and findings are summarized in Figure S6. In brief,
stoichiometry affects the shape of PEDOT particles. When EDOT concentration is much
insufficient compared to iron (III) chloride droplets, only thin film of PEDOT polymerized on
the droplet surface; after purification, where the core gets removed, thin film of PEDOT
collapses forming the hollow walnut shape. When EDOT concentration is moderate and just
enough to polymerize an iron (III) chloride droplet, a solid spherical particle will form. When
EDOT concentration is much higher than Fe3+ in oxidant droplets, vaporous EDOT condenses,
beads up on droplet surfaces due to immiscibility, and templates a porous spherical PEDOT
particle (Figure 3.12a). Both porous and hollow spheres have more space for ion diffusion than
the solid particles, which is why PEDOT (1:1) shows a poor rate capability than the PEDOT
(9:1) and PEDOT (20:1) (Figure 3.12b-f). Rate capability test manifests that a sluggish ion
diffusion is not the main contribution of the emergence of redox peaks.
Our explanation to the peaks at ~0.4 V is the following: PEDOT is a pseudocapacitive material
and a redox doping/dedoping occurs around 0.4 V by external potential. This redox process is
different from that of polyaniline, as it does not alter PEDOT’s electrical conductivity. If charge
transport on PEDOT particles is high enough to handle the amount of doped charges, cyclic
voltammogram only shows a capacitive behavior with small or invisible peaks (Figure 3.11 d);
if low conductivity PEDOT particles cannot afford the amount of charges that needs to dope the
polymer, a pair of redox peak will show up and the magnitude of the peak indicates to what
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extent electrical conductivity lags the amount of doping charges (Figure 3.11e). PEDOT (20:1)
has a low electrical conductivity, but the redox peak is almost non-visible. This is due to a much
less doping charge needed, as it stores the lowest (~ 50% compared to other PEDOT particles)
capacitance (Figure 3.11f); The reduced doping charge is possibly from the low conjugation
length that accommodates least amount doping sites.19

Figure 3.12 Morphology evolution of PEDOT particles with different EDOT to Fe3+ ratios. a)
iron(III) chloride microdroplets, when react with different concentration of EDOT vapor, undergo
different routes of morphology evolution, that lead to different morphologies. A TEM image is
present in accordance to each route and every scale bar is 1 um. (b-f), representative scanning
electron micrographs of PEDOT with different EDOT to Fe3+ ratio synthesis. Every scale bar is 1
μm.

To our knowledge, this is the first systematic study of PEDOT redox pair around 0.4 V, proving
a pseudocapacitive charge storage mechanism.4 The finding also underlines the importance of
optimizing electrical conductivity during the synthesis as post doping by protons or
electrochemistry cannot even the difference. EDOT chain propagates in concomitant with
oxidative doping by Fe3+ during polymerization;24 optimizing the EDOT to Fe3+ ratio during
synthesis leads to a higher and deeper doping that enhances electrical conductivity.19
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3.2.5 High photothermal activity of particle coatings
Our PEDOT paint is highly photothermally active in the NIR range. A 5-second laser exposure
(808 nm laser, 0.8 W/cm2 power density) (Figure 3.13a) heats up a free-standing paint film to
218.5 °C. The temperature rise (194.5 °C) is higher than that of a Norit carbon-PCL film (124
°C, at same concentration) and PEDOT:PSS film (9.7 °C). PEDOT particles are the major
contributor to the temperature rise (a PCL film shows < 5 °C increase after the same exposure)
(Figure 3.13b). Our paint’s temperature rise is also higher than other reported PEDOT films17, 18
because particle boundaries lower the heat dissipation rate leading to a heat confinement effect.49
Interestingly, a cotton ball impregnated with PEDOT particles ignites by camera flash-light
exposure (Movie S1) and to the best of our knowledge, this is the first conducting polymer
reported in the literature capable of causing ignition.

Figure 3.13 Photothermal properties of PEDOT particle coating. a) Illustration of photothermal
experiment set-up using an 808 nm laser. b) Temperature distribution of PEDOT in PCL, Norit
carbon in PCL, PEDOT:PSS on glass, as well as PCL film alone after a 5 second exposure to an
808 nm laser (power density 0.8 W/cm2). The PEDOT particle laden coating shows a maximum
temperature rise of 194.5 °C. c) Temperature profile of a PEDOT-coated 3D printed PETG mask
under laser exposure. Temperature reaches 90 °C (temperature required to inactivate Covid-19) in
20 seconds and remains above 90 °C for 10 seconds after laser turned off.

The spread of COVID-19 affects human life profoundly and masks are an effective prevention of
virus spreading. Unfortunately, a global shortage of mask supply in the beginning of the
pandemic has forced us to look for alternatives. 3D printing is a promising technique for fast
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prototyping of reusable masks. These masks are reuable only if the surface is effectively
disinfected after each use and here we use heat as a fast, non-destructive microbial ablation
method.50 We paint the air filter cap of a 3D printed PETG mask (Figure 3.13c inset) and
expose it to a 20 s laser (808 nm, 0.8 W/cm2) pulse increaseing its surface temperature to 90 °C,
sufficient for inactivating COVID-19.51 The surface remains above 90 °C for ~ 10 s even after
the laser is turned off (Figure 3.13c) proving the effectiveness of our PEDOT paint for
converting light to thermal energy.

3.3 Conclusions
In summary, we develop a continuous synthesis of PEDOT particles with an optimized low
resistance of 4.2 ± 0.5 Ω measured by a 1 mm-gap electrode. We tune EDOT to Fe3+ ratio to
study stoichiometry effects on PEDOT’s crystallinity, doping level, electrical and
electrochemical properties. Results show that a balanced EDOT to Fe3+ ratio (1:1) leads to the
highest charge carrier concentration responsible for the lowest electrical resistance among
samples. Particles are readily processable as a colloidal dispersion and we formulate an organic
paint that conformally coats 3D printed thermoplastic objects resulting in a low electrical
resistance (1 kΩ/cm), comparable to prints produced from commercial conductive filaments. The
coating enables fabrication of 3D printed pH sensors and strain sensors. Moreover, PEDOT
particles’ high photothermal activity enables heating of a coating for sanitization of 3D printed
objects.

80

3.4 Materials and methods
Reagents. Iron(III) chloride (reagent grade, 97%), ethanol (200 proof, anhydrous) and 3,4ethylenedioxythiophene (EDOT, 97%) were purchased from Sigma Aldrich and used without
further purification. Ultrapure water was obtained from a Millipore filter (18.2 MΩ).
Particle synthesis and purification. A straight Vigreux tube with 60 cm in length and 2.54 cm
in diameter was held vertically as the reactor and heated to 130 °C; the finger indentations inside
the glass reactor disturbed the gas streams for a better reactant mixing. Iron (III) chloride aerosol
generated via a 1.7 MHz ultrasonic transducer was carried by a 125 sccm (standard cubic
centimeter) N2 flow, and 3,4-ethylenedioxythiophene (EDOT) vapor generated via bubbling the
liquid was carried by a 75 sccm N2 flow. Liquid EDOT container changes from a tubular vessel
to a 50 mL three-neck flask for a more continuous process.
Collection was reduced using a rotary evaporator to a 50 mL aliquot and subsequently
centrifuged in 50% 1 M hydrochloric acid and 50% ethanol until the supernatant became
colorless or light blue. Hydrochloric acid removed any iron from particles and doped the
polymer. The purified dispersion was lyophilized resulting in a blue colored powder.
Spectroscopic characterization. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy data were collected using a JEOL 7001LVF FESEM and a Thermofisher Quattro S
ESEM, respectively. Samples were prepared via dispersing PEDOT particles in water and
dropcasting on gold-coated polyimide tape. Transmission electron micrograph (TEM) data were
obtained in a FEI Spirit TEM. Samples were dropcasted from ethanol onto TEM grids. Optical
microscopy images were collected using a Nikon microscope (NIKON Eclipse, LV100ND) fitted
with a Nikon Ds-Ri2 camera. Powder X-ray diffraction spectra were collected using a Bruker d8
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advance X-ray diffractometer at room temperature, with a Cu Kα radiation source (λ = 1.5406 Å)
and LynxEyeXE detector, operating at 40 kV and 40 mA. Dry sample powders were casted onto
a zero-intensity silicon wafer and the sample holder was rotated at 30 rpm/min with a scan step
of 0.02°. Ultraviolet-visible-near infrared spectra were collected on a Cary 5000 UV-Vis-NIR
spectrophotometer using a parallel liquid cell. Solid powders were dispersed in 1 M HCl aqueous
solutions via bath sonication and the spectra were immediately collected to minimize effect of
particle precipitation; data was collected in a quartz cuvette.
Electrochemical characterization and mass determination of PEDOT particle electrode.
The electrochemical set-up consisted of a PEDOT particle working electrode, an Ag/AgCl
reference electrode, a platinum mesh counter electrode and a 1 M H2SO4 electrolyte. Cyclic
voltammograms were collected using a BioLogic VMP3 multipotentiostat. Active mass of the
working electrode is determined via thermogravimetric analysis using a Discovery TGA (TA
Instruments). The cycled electrode was rinsed three times using water and dried in air before
loading onto the sample pans (high temperature Pt pans). The ramping recipe consisted of two
steps 1) 50 ºC to 110 ºC at 20 ºC/min and kept at 110 ºC for 5 min to remove free water and 2)
110 ºC to 500 ºC at 15 ºC/min and kept at 500 ºC for 30 min to remove all the active materials
(Figure 3.14a). Total mass loss of the second step were the total mass of PEDOT and PLA
because both PEDOT and PLA fully degraded before temperature reaches 500 ºC while the mass
loss of carbon paper was negligible (Figure 3.14b). Air was needed to fully remove all active
materials on the carbon paper; if only N2 was used, material would remain in the electrode
resulting in inaccurate mass determination (Figure 3.14c-f).
Paint formulations and 3D prints. Organic paint formulation for thermoplastics consisted of 33
wt% PEDOT particles, 67 wt% polycaprolactone and 1 mL trifluoroethanol (per 100 mg solids).
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All components were mixed using bath sonication for 1 h and were brush painted onto 3D prints
to form the coating. Organic paint formulation for carbon paper electrode consisted of 90 wt%
PEDOT particles, 10 wt% polylactic acid and 1 mL chloroform. All components were
thoroughly mixed using bath sonication for 1h and a 50 uL mixed dispersion were dropcasted
onto the carbon paper resulting in a PEDOT particle electrode. 3D objects were designed in
Rhino or downloaded from the open source website www.thinginverse.com and were sliced
using the software Simplify 3D. Makergear M2 was used as the FDM based 3D printer and
filaments were purchased from eSUN (PLA and PETG, brand name: Inland) and Ninjiatek
(TPU, brand name: NinjiaFlex).
NIR laser An 808 nm laser was used as the NIR source and an IR camera (ICI 7320 USB
camera) was used to monitor temperature. An aluminum foil was placed under the samples as
background due to its low light absorbance.

Figure 3.14 Thermogravimetric analysis of PEDOT particle electrode. a) A typical
thermogravimetric analysis of PEDOT-PLA-coated carbon paper electrode. The ramping recipe
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consisted of four steps where the first two removed the mass of free water and the rest two steps
removed the mass of PEDOT and PLA. The active PEDOT mass was 90% of this overall mass due
to the electrode preparation formulation. b) Thermogravimetric analysis of pure carbon paper and
PLA pellets using the same ramping recipe. Carbon Paper exhibits a negligible mass change
because degrading temperature of carbon was higher than 700 °C in air and PLA were burnt off
completely at temperature ~ 350 °C, similar to the PEDOT degradation temperature. Air was
needed to conduct the thermogravimetric analysis otherwise there will be residue mass of PEDOT
leading to error in mass determination. c) –f) were optical micrographs showing that when ramping
the thermogravimetric analysis with only N2, PEDOT particles were incomplete leading to residues
on the carbon paper while running the same recipe under air resulted in a cleaned-up carbon paper.
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: Dry particle collection and direct
coating of AVP PEDOT process
4.1 Introduction
The advantages of aerosol based synthetic route compared to conventional solution based
chemical analogue include a much faster reaction rate, a higher scalability (continuous
production), and zero liquid byproduct which allows dry particle collection and processing.1 This
dry process is especially captivating for large-scale manufacturing because it shortens the steps
from precursors (usually liquid) to final solid products. For materials that require no post
processing (purification or particle assembly), collections are the final products; for materials
that require post processing, aerosol process enables direct coating on substrates ready for
purification and subsequent applications.
For AVP process, a dry particle collection or direct coating is also desired because previous
applied wet approach (using liquid scrubber to collect particles) requires a labor and time
intensive effort to achieve solid particles and an additional formulating step is necessary to form
applicable coatings or composites.2 Nonetheless, the knowledge of a suitable reaction system
remains to be created due to the uniqueness of AVP: if polymerization finishes all inside the
reactor, like spray drying or spray pyrolysis,3-6 a large apparatus affording a long residence time
is still required; if polymerization finishes all outside of the reactor, like aerosol assisted
chemical vapor deposition,7 the particle based architecture is lost resulting in only thin films.
Here, we report dry collection and substrate patterning of PEDOT particles via a modified AVP
reactor. Inertial impaction is chosen as the particle deposition method because it eliminates
potential flow blockage induced by filters. Solid particles with perfect spherical shape are
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produced in a continuous manner and an 18’’ tubular reactor with a 2 s residence time indicate
that polymerization continues outside of the reactor and thus a small footprint reactor is possible.
A low surface tension solvent (methanol) increases the production rate by 4 times (reaching 400
mg/hour) and an optimized reaction condition leads to 25 Ω/cm electrical resistance measured on
a pelletized sample, the state-of-the-art among reported PEDOT synthesis. Finally, the directly
patterned carbon paper form a stable PEDOT particles-based electrode surviving repeated
electrochemical cycling and due to the omission of binders, a good charge transport between
particles and current collectors (carbon fiber) results in a high rate-performing electrode.

4.2 Results and Discussion
4.2.1 Setup enabling solid particle collection and size selection
The set-up of AVP PEDOT synthesis with solid particle collection is illustrated in Figure 4.1a.
Aerosolized FeCl3 droplets are generated using a modified collision nebulizer (CH
Technologies) which utilizes high-pressured gas jets to split liquid into aerosols.8 All stainless
steel parts are reconstructed with fluorinated polymer (Teflon) to withstand the acidic liquid
precursor and the droplet diameter (peak at 2 µm)2 is consistent with the original commercial
model (peak at 2.5 µm). N2 inlet pressure is modulated to maintain a stable aerosolization and
the flow rate is approximately 3.7 L/min. EDOT vapor, generated from a liquid bubbler (130 ºC)
containing EDOT (0.67 M in chlorobenzene) solutions, is carried by another N2 stream (1.5
L/min). Chlorobenzene is used to assist the mass transport of monomer and a 25 ml of the
solution is loaded in each experiment to achieve reproducible particle productions.
The two streams are mixed in a metal tee connector and delivered through an 18’’ long, 1’’ wide
aluminum tubular reactor kept at 150 ºC. The product is then directed through four stages of
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glass jars (with rubber stoppers) where solid particles are collected before sending to the exhaust.
The production rate is c.a.100 mg/hour/stage, or 400 mg/hour in total (Figure 4.1b).

Figure 4.1 Setup of AVP PEDOT synthesis and direct particle collection. a) A Collison
nebulizer containing FeCl3 solution is utilized as oxidant aerosol generator and a liquid bubbler
containing EDOT and chlorobenzene is utilized as monomer vapor generator. Chlorobenzene is
added to facilitate reproducible EDOT vapor mass transport. The reactor is a straight aluminum
tube with 18’’ in length and 1’’ in diameter and is heated to 150 ºC by heating tapes. The product is
directed into four glass jars with rubber stopper for collecting particles. b) 1 gram AVP PEDOT
particles are collected in a vial indicating mass production. c) An illustration of inertial impaction
where particles fall out of a distorted gas stream, collide and deposit on an impactor surface. d)
Representative SEMs and size distribution curves of PEDOT particles collected in different stages
and they indicate a narrower size distribution at a later stages because larger particles with higher
Stokes numbers are collected and removed from the aerosol at an earlier stage.

Particle collection is realized through inertial impaction where a solid barrier (impactor) distorts
the aerosol flow and particles due to inertial force fall out of the flow and collide onto the
impactor (Figure 4.1c). The adhesive force (including van der Waals force, electrostatic force)
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between aerosol particles and the impactor surface are orders of magnitude larger than other
common forces leading to particle adhesion and collection.9 The collected particle size
distribution has a “sharp cutoff”; majority of particles smaller than this value bypass the impactor
without deposition while majority of particles larger than this value gets collected. The cutoff
particle size d50 (50% collection efficiency) is closely related to the Stokes number (Stk) (Figure
4.2) which is defined as:

𝑆𝑡𝑘 =

2 𝑈𝐶
𝜌𝑝 𝑑𝑝
𝐶

9𝜂𝐷𝑗

(4.1)

, where ρp is particle density, dp is particle diameter, U is particle velocity, Cc is the correction
factor for surface slip effect, η is fluid viscosity and Dj is the diameter of the deposition nozzle.
Detailed derivation is documented by Dr. William C. Hinds.9
A larger particle, assuming other parameters are the same, has a higher Stokes value leading to a
higher impaction chance. Therefore, larger particles in the AVP synthesis tend to deposit and are
depleted at earlier stages leaving smaller particles at later ones. This trend is verified by
distribution curves of PEDOT particles measured using scanning electron micrographs from the
four stages (Figure 4.1d) and it is clear that stage 1 has the broadest size distribution with
collected particles as large as 5 um. The mean particle size in stage 1 is 2.5 µm. The size
distribution becomes narrower at a later stage due to depletion of larger particles in the aerosol
flow and the maximum particle diameter reduces to only 2.5 µm in stage 4 leading to the
narrowest size distribution (mean at 1 µm). Note that a stage 4 is important in efficient particle
collection because in-line measurements reveals that PEDOT particles synthesized using
Collison nebulizer has a mean diameter of 1 µm.2 Filtration, the simplest and most efficient
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particle capture method, leads to a high pressure buildup (all types of filters, cellulose, glass and
quarts) that ceases the reaction.

Figure 4.2 Collection efficiency of an impactor versus Aerodynamic diameter and stokes
numbers. The step function-like curve indicates that there is a cutoff value that particles with
smaller diameters bypass while particles with a larger diameters deposit. This value is highly
related to related to stokes number or aerodynamic diameter, if density and flow rates of particles
are the same.

The calculated residence time is 2.6 seconds which is insuffcicent for a solid particle formation.2
However, in this set-up, solid spherical particles are collected (Figure 4.3a) and we believe it is
because initial deposited particles continue polymerization with the bypassing unreacted EDOT,
evidence by necking of collected PEDOT particles (Figure 4.3b, c) and therefore the real
reaction time is much longer than the residence time.10
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Figure 4.3 Solid PEDOT particles with necking. Transmission electron micrographs show

that spherical PEDOT particles are a) solid and b) form necking among each other
indicative of continued polymerization outside of the reactor. c) Scanning electron
micrograph verifies the necking among particles.

4.2.2 Chemical and physical properties of deposited PEDOT particles
PEDOT is synthesized via oxidative radical polymerization where FeCl3 solution serves as both
reaction initiator and doping agent (Figure 4.4a)11, 12 and the byproduct thus consists of Fe2+ and
unreacted Fe3+ species. An energy-dispersive X-ray spectroscopy shows that particles possess
chlorine, sulfur, carbon and oxygen which are necessary elements of PEDOT and the residual
iron signal diminishes after purification indicating successful removal of these inorganic species
by 6 M hydrochloric acid soaking (overnight) (Figure 4.4b,c).13
A Raman spectrum of particles (Figure 4.4d) shows all characteristic vibrational modes of
PEDOT14, 15 suggesting successful polymerization. Note that, band assignments are based on an
illustration of a neutral polymer section (Figure 4.4d inset) and the actual peak positions, for
example Cα=Cα’ at 1265 cm-1, Cβ=Cβ at 1369 cm-1 and Cα=Cβ symmetric stretching at 1436 cm-1,
indicate that PEDOT particles are in a partially p-doped state (+ 0.3 V)16 which is consistent with
the open circuit potential of as synthesized PEDOT (+0.2 V to +0.4 V).13

96

A current-voltage (I-V) characteristic (Figure 4.4e) shows a linear curve indicating a wide ohmic
(-2.5 V to 2.5 V) window of AVP PEDOT and the measurement is carried out on the pelletized
particles (Figure 4.4e left part of inset) using a home-built probe station.17 The resistance,
calculated from I-V curves, is about 30 ohm/cm, state-of-the-art among different reported
PEDOT films.18 Due to a much thicker pellet (c.a. 30 um) (Figure 4.4e right part of inset)
compared to a nanometer sized thin films, however, the electrical conductivity is relatively lower
(c.a. 50 S/cm).18, 19

Figure 4.4 Chemical and physical characterization of PEDOT particles. a) The scheme of PEDOT
polymerization indicates that Fe3+ and Fe2+ species are major byproducts. A comparison of scanning
electron micrographs and corresponding energy dispersive X-ray spectroscopy images of elements (S, O,
Fe, C, Cl) between b) as synthesized particles and c) purified particles verifies the successful synthesis of
PEDOT. Ironic signal is eliminated indicating a successful purification. d) A Raman spectrum of particles
indicates that PEDOT are in a partially p-doped state and inset shows an illustration of PEDOT chemical
structure to facilitate band assignments. e) A current-voltage (I-V) characteristic curve of pelletized
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particles (left part of the inset) shows a large ohmic window of AVP PEDOT and the pellet thickness is
c.a. 30 µm (right part of the inset), much thicker than thin films (hundreds of nanometer).

4.2.3 Control of AVP process
To facilitate optimization of AVP process, we attach a gap electrode on a filter paper serving as
the impactor and study variables such as solvent, stoichiometry and reactor temperatures on the
particle resistance, which is measured by a multimeter.
Instead of using water as the solvent for FeCl3 precursor, methanol is used here and it has two
advantages on the reaction: 1) It decreases the surface tension of liquid precursor (compared to
water) leading to a higher aerosol generation rate due to easier splitting of the liquid8 and this is
verified by a 5 times increase of precursor consumption (from 10 mL/hour to 50 mL/hour); 2) it
also facilitates reactants mixing due to its miscibility with EDOT. Both effects leads to a much
faster rate of deposition as the filter paper becomes conductive in 5 minutes while it takes more
than 35 minutes when water is used as the solvent (Figure 4.5a). Actually, the production rate in
the collection jars is also 4 times higher (100 mg/hour to 400 mg/hour). I-V measurements
(Figure 4.5b) however show negligible difference between the two samples and therefore a low
resistance might stem from a higher production rate that form more particle connections in the
conductive percolation.
Stoichiometry on the other hand has a significant effect on the final electrical resistance, which is
consistent with previous findings2 and due to the addition of chlorobenzene, we only control the
bubbler temperature instead of calculating ratio between oxidant and monomer vapor. Figure
4.5c shows that when the bubbler is at 70 ºC, particle electrical conductivity reaches the
minimum and every 20 ºC increasing or decreasing of the bubbler temperature leads to about 1
orders of magnitude resistance increase.
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A higher reactor temperature generally leads to a lower particle resistance and it is consistent
with previous reports on PEDOT synthesis.20 However, the difference is less significant than
stoichiometry, probably because continued reaction outside of the reactor.21

Figure 4.5 Control of particle manufacturing. a) Electrical resistance measurements on a

filter paper based impactor shows that using methanol as the precursor solvent, a
percolation of PEDOT particles form much earlier than using water as the solvent. b)
Current-voltage (I-V) characteristics of the two samples (pressed pellets) shows minimum
difference. c) Graph of electrical resistance vs. bubbler temperature. d) Graph of electrical
resistance vs. reactor temperature (monomer bubbler held at 70 ºC).

4.2.4 Direct patterning as electrodes
Using inertial impaction mechanism, aerosol flow is capable of deposit coatings on substrates
with well adhered particles22 and here we utilize this mechanism to fabricate PEDOT particle
based electrodes on carbon paper as a proof of concept.
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The set-up of direct coating is shown in Figure 4.6a where a carbon paper is placed under the
nozzle (separation of 5 cm) and is heated by the hotplate to maintain a temperature of 150 ºC,
same as the reactor. After 15 min of the reaction, a deposition pattern templated by the circular
nozzle shape (Figure 4.6b) is observed and a scanning electron micrograph shows that the
pattern consists of big spherical particles coated by small crystals-like protrusions (Figure 4.6c).
These protrusions are residue iron species and are fully removed after purification (Figure 4.6d)
leaving perfectly spherical PEDOT particles.
PEDOT particles are firmly attached to fibers of the carbon paper and particle delamination is
negligible during prolonged soaking and vigorous rinsing (except some of the top layered
particles are rinsed off). The binding force between PEDOT and carbon fibers stem from the
aforementioned adhesive forces as well as the necking formed among particles. The coated and
purified carbon paper readily serves as a working electrode for electrochemical testing (threeelectrode configuration) and a quasi-rectangular shaped cyclic voltammogram (recorded form 25
mV/s to 1000 mV/s, Figure 4.7a) shows that a good adherence facilitates the charge transport
between particles and the current collector (carbon paper) resulting in a high rate-performing
electrode. An electrochemical impedance spectroscopy (EIS) is recorded to further probe
detailed charge transport property (Figure 4.7a and 4.7a inset) and a well-documented circuit
model23 is used to fit the curve. Results show that our working electrode has an equivalent
electrical resistance of 0.57 Ω, an equivalent electrolyte resistance of 1.1 Ω, and a Warburg
impedance of 2 Ω ·s-1/2 all among the lowest in PEDOT based electrodes13, 24-26 which further
proves the good electrical charge transport enabled by direct aerosol coating.
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Figure 4.6 Direct particle deposition on carbon paper. a) An illustration of setup for direct
particle deposition where a carbon paper is placed below the nozzle (5 cm apart) and a hot plate
heats the carbon paper to 150 ºC, same as the reactor. b) A photo shows the resulted deposition
pattern on the carbon paper which is templated by the circular nozzle orifice. Scanning electron
micrographs of the deposition pattern c) before purification and d) after purification shows that
spherical PEDOT particles are stably coated on the carbon paper.

Figure 4.7 Electrochemical performance of direct deposited electrode. a) Cyclic voltammograms

collected from 25 mV/s to 1000 mV/s retain a quasi-rectangular shape indicating a good rate
performance and b) an electrical impedance spectroscopy with equivalent circuit fitting (inset)
verifies the good charge transport of direct coated electrode, where the Rs = 0.57 Ω, Rct = 1.1 Ω
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and Warburg impedance = 2 Ω ·s-1/2, all are among the lowest values of reported PEDOT based
electrodes. The other fitted values are Cct = 2 x 10-4 F and Cdl = 0.045 F.

4.3 Conclusions
Our exploration proves that AVP provides an opportunity to synthesizing, collecting and direct
depositing solid PEDOT particles onto substrates in a one-pot, continuous flow process. A short
residence time (2 seconds) is sufficient for initiating a particle shell formation and a continuous
polymerization on the substrate results in solid and spherical particles. The use of a lower surface
tension solvent (methanol) with optimized bubbler and reactor temperatures leads to particles
with an optimized electrical resistance (50 S/cm). Impaction enabled coating adheres particles
firmly to carbon paper, which leads to a high rate-performing PEDOT working electrode.
Finally, the necking provides an opportunity to “sinter” particles together during one pot
synthesis which is not possible by other means sintering methods, such as heat treatment or
gluing.
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Chapter 5 : Measuring electrical conductivity
using 3D printed four-point probe
5.1 Introduction
Given the rise of access of 3D printers on college campuses and shared public facilities, the
world has seen a huge increase in the sector of prototyping and developing open-source scientific
instrumentation. The ubiquity of 3D printing and computer-aided design software (CAD) offers
versatility for cost-effective fabrication of instrumentation,1 and also provides a readily
optimizable platform for sharing designs and information between communities. A prime
example of this versatility is a 3D printed high power nuclear spin polarizer serving as a
functional variable temperature probe for integration of multimodal in situ spectroscopy.2 A 3D
printed LED-induced fluorescence detector costs only 1% of the value of its commercial
counterpart while maintaining high accuracy.3 Furthermore, both a 3D printable colorimeter4 and
an epifluorescence microscope5 are robust open source instruments designed specifically for
educational purposes. Probe stations that make reproducible two-point and collinear fourpoint
electrical resistance measurements cost a minimum of several thousand dollars, often making
them inaccessible for pedagogical purposes. Measuring electrical properties such as conductivity
is fundamentally necessary for understanding structure-property relationships in materials. For
example, the study of charge transfer processes is of paramount importance for scientific
technological applications such as the semiconductor and energy storage industries as well as for
fundamental knowledge in band theory.
While metals are electrically conductive and have a linear current vs voltage relationship,
semiconductors’ electrical properties are controlled by both extrinsic impurities and intrinsic
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structure-property relationships that lead to both linear and non-linear behavior. Pure crystalline
silicon, the nominal inorganic semiconductor, has an energy gap between its valence band and
conduction band of approximately 1:11 eV at 302K. This band gap is a consequence of energy
differences between the 3p and 4s atomic levels and of the electron wavefunctions interacting
with a periodic crystalline lattice.6 Silicon in its pure form is very resistive at room temperature
owing to this energy band gap however, unlike metals, its conductivity increases with
temperature from the thermal excitation of charge carriers. Interestingly, the addition of chemical
dopants also increases the concentration of charge carriers (electrons and holes) and leads to the
formation of new energy levels within the band gap that lower its bulk electrical resistance.7
Control of silicon’s conductivity via this doping mechanism is the basis for modern electronics,
and makes possible the computer processor comprised of millions of transistors with minimal
footprint.
Organic semiconductors are soft materials with similar properties to that of silicon; for example,
macrocycle organic electronics such as conducting polymers also have a non-linear current vs
voltage relationship. These organic synthetic metals however, exhibit anisotropic conductivity in
one dimension as a consequence their conjugated backbone extending in one preferred
direction.8 This unique one-dimensional structure results in atoms not being equally spaced, a
structural distortion that opens up an energy gap within the 2p band; 1D semiconductor behavior
is explained by Peierls distortion.9 It was not until the realization that conjugated polymers’
electrical properties could be controlled by doping with halogens like iodine that their potential
as transformational materials was widely accepted by the scientific community.10 In conducting
polymers there are competing conduction mechanisms, where electrons and holes travel along a
chain (intrachain) or hop between chains (interchain), each having different kinetic limitations.11
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These polymers conduct electricity through their conjugated backbone whereby sp2 hybridized
carbon creates vacant aligned p-orbitals and a path for electrons.12 Furthermore, freestanding
conducting polymers films consist of many amorphous and crystalline domains with their own
conductivity depending on molecular packing and local dopant concentrations. It is of paramount
importance to reliably measure the conductivity across certain regions of a film in order to better
understand the synthetic conditions that produce highly conductive and homogenous conducting
polymer films.
Here we demonstrate a 3D-printed four-point probe station that easily allows students to make
reproducible conductivity measurements. The complete fabrication costs for this system are less
than $100 US. This accessible technology is ideal for group projects of undergraduate students in
a variety of fields including introductory materials science, solid-state chemistry and physics.
Allowing students to build their own instrumentation is an excellent way to increase participation
in the scientific process and enhances physical understanding of what a measurement entails. For
this purpose, we provide a pictorial step-by-step build manual and complete list of 3D printable
components as CAD files in the Supplementary Information.

5.2 Concepts & Operation
Figure 5.1 shows several types of conductivity measurement techniques. A two-point resistivity
measurement couples a constant current I between two terminals through a material’s
crosssectional area where the voltage drop between the two terminals is measured (Figure 5.1a)
and enables calculation of two-point probe conductivity. By recording the changing current I as
we modulate the potential V across two electrodes, we can produce what is known as an I-V
curve (Figure 5.1b). Materials that behave ohmically show a linear relationship between I and V
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and the more conductive a sample is, the greater the slope of the curve. Semiconductors behave
linearly in a confined region around the origin, where currents and potentials are low. At higher
potentials, semiconductors become more conductive as electrons are promoted across the band
gap.

Figure 5.1 Electrical measurements techniques. a) A resistivity measurement runs constant
current I between two terminals through a material’s cross-sectional area as the voltage drop V
between the two terminals is measured. b) I-V curves show (A) linear behavior for a material with
low resistivity, (B) linear behavior with smaller slope for a material with higher resistivity, and (C)
non-linear behavior for a non-ohmic material. c) Schematic diagram of a collinear 4-point probe
measurement. d) Van der Pauw 4-point resistivity measurement schematic diagram.

Two-point measurements are simple and effective, however four-point probe measurements
enable students to decouple the error introduced by measuring voltage across the same terminals
that carry current (Figure 5.1c). In four-point probe measurements current I is drawn through the
outer two probes while voltage drop V is measured between the two inner probes thereby
reducing deleterious effects from contact resistance.13 A van der Pauw measurement carried out
on a sample of uniform thickness and arbitrary shape requires probes located at four random
points, and small contact pads patterned on the periphery of the sample to calculate accurate
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resistivity.14,15 Two sets of I-V measurements (I, II) are required in order to determine the
resistivity of a material (Figure 5.1d). For a more in depth explanation of the mathematical
background for resistivity using the four-point probe technique, see the 5.6 Mathematical
Background.
Commercial four-point probe stations control applied pressure by connecting each probe to a
small spring of low spring constant whereby an inclined or a large sample step height
compresses these springs in order not to puncture the sample. Our probe station employs gravity
to apply a conformal load pressure whereby needles drop freely through grooves onto a sample
while remaining connected to a Source Measure Unit (SMU). The SMU applies and measures
processed electrical signals while a desktop computer controls the vertical movement of the
probe head containing the needles. Our probe can apply a range of controlled contact forces on
the sample and a schematic diagram of this 3D printed probe station is shown in Figure 5.2a
along with the SMU and a computer.
Typically, a sample is placed on the station base under the probe head. The trigger in the probe
head is pulled (Figure 5.2b, left) allowing four needles to drop between four equidistant ‘L’
shaped grooves. Four pieces of conductive foils (nickel-coated copper tape) serve as contacts
inside these grooves (Figure 5.2b, right) and are soldered to test lead wires connected to the
SMU. Once the needles contact a sample, the probe head’s trigger is released. A spring loaded
mechanism then squeezes and secures the needles at the interface between a compressible rubber
sheet and the electrical contacts (Figure 5.2c). This rubber sheet increases friction between
trigger and needles, ensures conformal contact with a sample (Figure 5.2d) and leads to high
electrical stability throughout the measurement. An evenly distributed pressure between sample
and needles is applied by a stepper motor that provides incremental vertical steps as the probe
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head is lowered (Figure 5.2e). A microcontroller board (Arduino UNO), stepper motor, and
driver (Easy Drive) enable conductivity measurements remotely and automatically using an open
source software (Arduino 1.6.10).

Figure 5.2 Schematic diagram of a 3D printed probe station. (a) The probe station includes a
probe head, head support, and station base. (b) Topdown view showing the probe head. (c) Needles
are secured once the spring is released. (d) Needles make even contact on a sample. (e) The head
support is controlled via open-source software (see build manual in Supporting Information).

5.3 Safety Guidelines
Soldering involves high temperature molten metals and can cause burns. Make sure to put the
soldering iron back to its holder after use to avoid risk of fire. The vapors produced during
soldering may be harmful, therefore soldering should be done in a well-ventilated area. The
nickel electroplating solution is an irritant requiring the use of proper PPE (gloves, eye
protection) at all times when handling. Read the safety data sheet (SDS) before working with any
chemicals. Electroplating involves the use of electrical power sources. Wear electrically
insulating rubber gloves during this process and turn off the power source after electroplating is
complete.
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5.4 Performance
The probe performance is evaluated by measuring the electrical properties of a gold film
deposited on a polished silicon wafer. Figure 3a shows that in our 3D printed station uncoated
steel tapestry needles, serving as contact probes, add slightly to the overall resistance calculated
via two-point probe measurements. The performance of our instrument is compared against a
pair of gold-coated commercial hand-held test leads; resistances measured between probes (1,3)
(2,4) and (1,4), show a positive linear relationship between resistance and needle separation.
Four-point probe measurements are also collected by connecting the four test lead wires to the
SMU. The corresponding four-point probe I-V curves and sheet resistances are shown in Figure
5.3b. A similar I-V relationship is seen for both a standard commercial four-point probe station
and our 3D printed instrument; the commercial probe station produces sheet resistance readings
differing by less than 5%. Discrepancy in the magnitude of measurements is due to a higher
contact resistance stemming from stainless steel tapestry needles and possibly from nickel oxide
formation on conductive foil contacts.
Measuring conductivity in non-metallic samples with non-uniform morphology is of paramount
importance for studying micro and nanostructured electronic surfaces and is also a more difficult
measurement because each needle has a different contact resistance. Hard carbon fiber paper
(Figure 5.4) is a 3-dimensional conductor that is affected by contact resistance. This anisotropic
carbon material is both physically non-uniform and chemically heterogeneous characterized by
oxidation that breaks sp2 conjugation and results in areas of lower conductivity. Two-point probe
measurements with uncoated stainless steel needles prove to be noisy and unreliable, and while
these needles may have sufficed for a flat gold coating on Si, they lead to an extreme bias of
resistance for non-uniform materials. Reducing contact resistance by applying a larger contact
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force between a probe and a sample risks damaging certain soft materials like polymers.16
Therefore, in order to reduce contact resistance between probes and hard carbon fiber paper, the
needles are electroplated with dual sequential coats of nickel and gold; this noble metal resists
the formation of insulating oxides and is characterized by high conductivity.

Figure 5.3 Performance evaluation of the probe station. (a) Two-point probe measurements
with stainless steel tapestry needles of a gold-coated silicon wafer vs a pair of commercial test
leads of equal probe separation. (b) Four-point probe I−Vcharacteristics and sheet resistance
measurements for a commercial probe station and our 3D printed probe station using stainless steel
tapestry needles.

Each probe is electroplated with nickel for 15 minutes and then with gold for another 15 minutes
(Figure 5.5a). Nickel is electroplated directly on stainless steel serving as buffer layer that
enhances bond strength and homogeneity of gold deposition. After each electroplating process, a
set of two-point I-V and resistance measurements are carried out with a different probe
combinations (Figure 5.5b). Hard carbon fiber paper is a macroporous conductor and applying
two-point probe measurements with different contact forces results in a wide range of variation
in resistance. Therefore, it is difficult to make stable and reproducible measurements of
resistance using handheld test probes. In our 3D printed probe station, the three I-V curve sets for
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stainless steel, nickel-coated, and gold-coated needles show a tight distribution indicating a
similar contact force among the four probes regardless of probe combination. However, slope of
the curves increase significantly after plating with nickel reaching a maximum slope after gold
plating (Figure 5.5c). Resistance data show a drop in the variance of measurements for
electroplated needles; these make more homogeneous and stable contact with a sample than bare
stainless steel needles (Figure 5.5d).

Figure 5.4 Optical micrograph of hard carbon fiber paper.
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Figure 5.5 Reduction of conduct resistance through electroplating. a) Schematic diagram
showing the process of electroplating. b) A schematic diagram shows measurements carried out on
hard fiber carbon paper under equidistant probe separation. c) Two-point I−V curves for bare
stainless steel tapestry needles, nickel-coated needles, and goldcoated needles. d) Resistance values
are more precise for gold-coated needles.

In order to test our 3D printed probe on a state-of-the-art material, electrical characterization
measurements are also carried out on nanofibrillar freestanding films of the semiconducting
polymer poly(3,4-ethylenedioxythiophene), or PEDOT;17 this polymer is utilized in solar cells,
transparent conductors, and energy storage applications. PEDOT is an organic semiconductor
characterized by high conductivity, chemical and physical stability as well as by a facile redox
doping mechanism that controls its band gap and conductivity. The ability to make a quick,
reproducible, and accurate conductivity measurement of a conducting polymer is paramount for
understanding fundamental material properties that enable efficient performance in devices. A
full chemical analysis of PEDOT can be found in Figure 5.6 and details can be found in the
session of Synthesis & Characterization of PEDOT. High-resolution scanning electron
micrographs showing micro- and nanofibers are shown in Figure 5.7.
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Figure 5.6 Study of morphology, atomic composition and conformation of evaporative vapor
phase deposited PEDOT. (a) Top view scanning electron micrographs show one-dimensional
morphology characterized by high packing density of high aspect ratio micro-and nanofibers. (b)
High resolution scanning electron micrograph shows stacks of fibers. (c) A secondary electron
micrograph image shows retention of nanofibrillar architecture after purification washes using 6 m
HCl and methanol. This step results in complete removal of the underlying iron scaffold. (d-f)
Energy dispersive spectroscopy elemental maps show the correct atomic composition. (g)
Chemical composition is quantitatively determined using X-ray photoelectron spectroscopy of assynthesized PEDOT nanofibers (before purification). The high-resolution peaks for (h) O1s, (i) C1s
and (j) S2p show the accurate bonding environment in a PEDOT polymer backbone.
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Figure 5.7 Scanning electron micrograph of vapor-phase polymerized PEDOT showing nanoand microfibers.

Four-point and two-point probe measurements on disk-shaped freestanding nanofibrillar PEDOT
films of 2 cm diameter are carried out utilizing our 3D printed probe station Figure 5.8.
Scanning electron micrographs show that this film is comprised by a bimodal distribution in
morphology comprised of one-dimensional high aspect micro-ribbons at the film center, and low
aspect ratio micro-fibers at the film edge (Figure 5.8a). The entire disk-shaped sample surface
area is studied utilizing all 4 needles (Figure 5.8b) via two-point probe measurements collected
on three different areas using needle combinations of equal separation. Linear I-V curves for all
measurements (Figure 5.8b) show slope resistances characteristic of a bimodal electronic
conductivity between edge and center of a film due to an anisotropic morphology. Conductive
high aspect ratio nanofibers are present at the film center and low aspect ratio structures of lower
conductivity are localized to at the film edge (Figure 5.8a). A four-point probe test is also
carried out using a commercial probe station and the 3D printed probe station. The I-V curves
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collected from our instrument show a slightly greater slope than those collected from the
commercial probe station indicating a higher resistance for PEDOT. (Figure 5.8c). This is
because the commercial four-point probe station has a 1mm probe separation while ours has a
2mm separation, therefore, we use a lower geometric factor value;18 this accounts for the slightly
lower sheet resistance.

Figure 5.8 Performance evaluation using PEDOT nanofibrillar film. a) Scanning electron
micrographs of PEDOT. b) Two-point probe I−V curves from different gold-coated needle
combinations of 2 mm separation. c) Four-point probe measurement I−V curves and sheet
resistances conducted by our probe station and a commercial four-point probe station.

5.5 Conclusion
The robust and simple design as well as the open source nature of our 3D printed probe station
allows for rapid modifications that enable exploration of fundamental scientific engineering and
charge transport concepts. For example, our design for the needle housing, if expanded, would
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enable measuring large sample sizes. Integration of a piezoelectric sensor under the sample
loading area would also allow concurrent measurements of pressure vs resistance. The z-axis
stepper motor, if wired with integrated circuits, would obviate the need for a computer and
increase portability. Lastly, using gold or platinum foil as well as rectangular needles would
increase contact surface area, lower internal resistance, and lead to higher accuracy. Our
convertible two and four-point probe station is a versatile and robust benchtop instrument that is
cost accessible and easily printed. Students can readily optimize our design and fabricate their
own instrumentation for making reliable electrical measurements. This work provides an
attractive route for engaging students, engineering devices, and developing fundamental
knowledge for studying the electrical property of materials.

5.6 Mathematical Background
The conductivity of a material is measured indirectly by multiplying resistance data with a
geometric factor; the conductivity is the reciprocal of the measured resistivity. Two common
protocols for measuring resistance are the two-point probe and four-point probe techniques. A
two-point probe system applies a constant current I between two terminals, the potential dierence
V between these two terminals is measured via two probes. According to Ohm's law, the
resistance R between the two terminals is given by Equation 5.1:

R=

𝑉
𝐼

(5.1)

Resistivity (ρ) is calculated by multiplying the cross-sectional area A by the two-point resistance
R and dividing by the probe spacing L as shown in Equation 5.2:

R=

𝑅𝐴
𝐿
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(5.2)

A graphical representation may be found in Figure 5.1a of the main text. An I-V curve (Figure
5.1b) is a plot of a current sweep versus corresponding voltages; the I-V curve for an ideal
conductor is a straight line because the resistance between two terminals is independent of
current or voltage i.e., the resistivity of the material is an intrinsic property. However, for some
semiconductors, the I-V curve is not a straight line,19 the resistance changes over potential
difference and so does the resistivity of the material. The rise and fall in resistivity indicates that
the charge carrier concentration changes with respect to the amount of current applied. An I-V
curve provides valuable information about the mobility and number of charge carriers in a
material.20 One of the drawbacks of the two-point probe technique is that a significant amount of
current flows through the two probes sensing voltage, causing additional resistance from the
leads and contacts.21 The four-point probe system, as the name suggests, applies four probes to a
sample,20where two probes inject current and the other two measure voltage.22 Separating current
injection and voltage measurement eliminates contact resistance because the two probes that
sense voltage, draw little current. Commonly used four-point probes are collinear method where
four probes are arranged equidistantly in a line. When the probes make contact with the sample,
the current I passes between the two outer probes and the resulting voltage V is measured across
the inner two probes (Figure 5.1c). The resistivity is determined from Equation 5.3 where f is a
geometric factor:

ρ=

𝑉
𝐼

𝑡𝑓

(5.3)

For samples possessing a dimension of much larger size than the probe separation and a thin
cross-sectional area sample, f = π / ln2 ; this geometric factor is calculated based on sample
thickness, sample shape and probe spacing.23 In the van der Pauw technique the position of the
four probes that make contact with a sample are randomly selected as long as they are small and
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located on the periphery of the sample. The advantage of the van der Pauw technique is that the
sample geometry does not matter, however it requires a cross sectional uniform thickness and
large spatial sample area.24 Two sets of experiments lead to resistivity and Figure 5.1d shows
current I1,2 applied between contacts 1 and 2, as voltage is measured between contacts 3 and 4.
Subsequently, current I2,3 is injected between the other two adjacent contacts 2 and 3, and
voltage is measured between the other two contacts 1 and 4. The resistivity of a sample with
thickness t is expressed as Equation 5.4, where Ra = V3,4 / I1,2 and Rb = V4,1 / I2,3

ρ=

𝜋𝑡 𝑅𝑎+𝑅𝑏
𝑙𝑛 2

2

𝑓

(5.4)

The geometric factor f is expressed as Equation 5.5 where Rf = Ra / Rb for Equation 5.4.

𝑅𝑓 −1
𝑅𝑓 +1

=

𝑙𝑛 2

𝑒𝑥𝑝 𝑓
arccosh
ln 2
2
𝑓

(5.5)

In order to eliminate errors introduced by finite contact size and finite thickness, it is
recommended that the spacing between the probes be much larger than the contact area between
probe and sample.20

5.7 Synthesis & Characterization of PEDOT
Freestanding nanofibrillar PEDOT films are synthesized using an evaporative vapor phase
polymerization technique.17 Polymerization is initiated when vapors of the monomer 2,3ethylenedioxythiophene react with an aqueous droplet of the oxidant iron (III) chloride at 130 ◦C.
Controlling the rate of evaporation of this aqueous droplet provides kinetic control of polymer
nucleation, nanostructure formation, and doping levels resulting in a freestanding nanofidbrillar
film of PEDOT. The conductivity of a conducting polymer is useful in determining the doping
state of the material, as well as the overall quality and purity of the polymer network. Figure 5.9
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shows three PEDOT samples. Directly after synthesis (unwashed), the film is conductive but
behaves non-Ohmically, owing to embedded excess oxidant salt crystallites which are resistive.
This film can be dedoped by exposing it with NH3 vapors, which drastically decreases the
conductivity. After washing the film in 6 m HCl, the fillm behaves ohmically for this potential
range due to its high conductivity.

Figure 5.9 I-V curves for unwashed, NH3 exposed, and HCl washed PEDOT films.

The morphology of this polymer is characterized by high aspect ratio nanofibers as demonstrated
by scanning electron microscopy (Figure 5.6a,b). A low resolution top view image (Figure
5.6a) reveals a high packing density of the polymer micro and nanofibers. The S8observed
directional growth of the nanofibers (Figure 5.6b) is due to an underlying iron scaffold; we
conrm the chemical composition of the polymer via energy dispersive spectroscopy maps
(Figure 5.6c-f). A polymer freestanding film is rigorously purified using alternating washes of
aqueous 6 M HCl and methanol in order to remove this underlying reduced iron scaffold. After
removal of the scaffold, the morphology is characterized by a high packing density of nanofibers
as demonstrated by secondary electron image (Figure 5.6c). Elemental concentration and atomic
environment of carbon, oxygen, and sulfur in as-synthesized PEDOT nanofibers (not purified),
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studied via X-ray photoelectron spectroscopy, confirms the correct backbone structure (Figure
5.6d-f). A survey scan confirms the presence of both iron and chlorine as well as a C:O ratio of
6.70, a value that closely matches with the expected ratio of 6.029; this minor discrepancy is
likely due to adventitious surface carbon (Figure 5.6g). High resolution analysis of C1s, O1s and
S2p provides core level spectra and indicates accurate bonding environment of C, O and S in
nanofibrillar PEDOT sample (Figure 5.6h-j).25 Analysis was performed using FEI Nova Nano
SEM 230 Field Emission Scanning Electron Microscope, equipped with an EDS detector. The
EDS maps were collected using a 10.5 keV accelerating voltage. X-ray Photoelectron
Spectroscopy analysis was carried out using Al Kα X-ray source from Physical Electronics, 5000
VersaProbe II Scanning Microprobe system. Samples were dried inside a desiccator and stored in
air-free environment before characterizations as the PEDOT films are hydrophilic.
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Chapter 6 : Summary and future perspective
In summary, explorations of the AVP technique demonstrates that combination of vapor phase
polymerization and aerosol synthesis leads to PEDOT particles with superior electrical
conductivity, environmental stability and versatile solution processability, all of which are
pursuits in the field of conducting polymers. The facile tuning of doping level is also captivating
considering the enhanced catalytic performance in poorly doped conducting polymers.1 The next
step of optimization should firstly focus on the aerosol science and engineering side for purpose
of direct deposition, higher production rate and realization of nanostructures using a static
aerosol chamber.
The other aspect of this chapter is about applications that are most suitable for particles.
Currently, positive results are achieved with developing particle-based composites or paints to
functionalize thermoplastics and the major roadblock is the low production efficiency (rate vs.
labor) compared to the high particle consumption. This has led me to search for applications
where a small amount of highly conductive PEDOT particles would make a total difference in
final device or application performance; this is also the general driving force in the micro and
nanotechnology. Moreover, submicron particles possess the potential to be building blocks of
macrostructures and APV enables the sintering of these particles during the one-pot synthesis
making it a promising candidate to realize 3D printing of nanostructured conducting polymers.
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6.1 Perspective for AVP
6.1.1 Direct deposition
As mentioned in Chapter 4, a dry process is the advantage of aerosol synthesis and for AVP, a
direct particle deposition is much more efficient than collecting powders because the latter
requires additional efforts to form usable coatings. We are still searching for the best applications
regarding conducting polymers and a directly deposited electrode or device facilitates fast
ptototyping for a proof of concept. The proposed setup for direct deposition is shown in Figure
6.1.

Figure 6.1 Illustration of the proposed set-up to direct pattern substrates using AVP.

Collison nebulizer is advised to generate oxidant aerosols because it is more robust and stable
with minimum risk of leakage or precursor overheating compared to an ultrasonic counterpart.
The Collison nebulizer manufacturer (CH Technologies) provides a model made out of plastics
(Figure 6.2) to withstand the acidity of the FeCl3 precursor. The following is the link towards
quoting for the product.
https://chtechusa.com/products_tag_lg_collison-nebulizer.php
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Figure 6.2 A photo of a Collison nebulizer made out of plastics to withstand acidic
precursors.

A liquid bubbler works perfectly for EDOT vapor delivery and a 20 mL three-neck flask is
adequate for each batch of synthesis. The liquid bubbler can be heated by a heating tape or an oil
bath to ensure temperature homogeneity. A good design of heating tape wrapping on the
connecting tubing is important because it facilitates the transport of the vapor from the bubbler to
the reactor with minimum condensation.
I suggest to use a straight reactor (either ceramic or glass) and apply heating via a tube furnace
which will have a more homogenous temperature within the reactor and the cleaning step will be
much simpler.
Finally, the nozzle engineering is the key to achieving a reproducible deposition. The design
considerations are the following 1) Even though any tubing or connector that has a smaller
opening than the reactor can serve as a nozzle (Figure 6.3a), this orifice diameter determines the
deposited particle size distribution as it affects the Stokes number.2 Generally a narrower orifice
increases particles’ chance of impaction. 2) Too narrowed nozzle would encounter clogging
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problem deteriorating the continuous deposition and there are several ways to reduce the chance
of clogging, for example, applying a positively charged polymer coating on the nozzle (Figure
6.3b) because PEDOT particles are positively charged3 or designing a sheath gas to prevent
orifice clogging (Figure 6.3c).4 3) The distance between nozzle and substrate is an important
variable to test and 5 cm is a good start to find the optimal distance that achieves the highest
deposition efficiency.
Particles can be direct deposited onto conductive substrates such as carbon paper, silicon and
metal sheets, or non-conductive substrates such as glass and plastics. When the deposition is on
conductive substrates, electrical stimulus can be applied to test energy storage capacity, doping
profile and doping/dedoping induced electrocatalytic performance. When deposition is on nonconductive substrates, light stimulus can be applied to test photothermal activity, photocatalytic
performance as well as fluorescence effect especially on dedoped samples.1

Figure 6.3 Proposed nozzles for AVP direct deposition. a) An “L”-shaped tube fitting with a
1/4’’ bronze tubing serves as the nozzle in the experimental trials for direct deposition via AVP. b)
A positively charged nozzle that prevents particle clogging in continuous deposition. The positive
charge can be applied using surface functionalization or using a battery or a voltage generator; the
optimal voltage needs experimenting but should not be high and several volts should be sufficient.
c) A sheath gas prevents nozzle clogging and the design is adapted from aerosol-jet printing
technology. (https://optomec.com/printed-electronics/aerosol-jet-technology/).
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6.1.2 Scaling up of particle production
If the goal is mass production of organic processable PEDOT particles, liquid EDOT’s low vapor
pressure (0.04 kPa at 20 ºC, and water is 2.3 kPa)5 is the bottle neck to the scaling up of AVP. To
increase feeding rate of EDOT vapor, we can increase bubbler temperature to 90 ºC (EDOT will
turn black beyond this temp) which will have a c.a. 60 times vapor output than 25 ºC6 (from 40
uL/hour to 2.5 mL/hour, measured at 2 L/min) and the production rate should be able to reach 1
g/hour if the collection efficiency does not vary significantly. More detailed vapor pressure
relation to bubbler temperature can be found in section 2.2.3. On the other hand, mixing EDOT
with volatile solvent such as chlorobenzene7 can increase the vapor output, however the stability
and reproducibility using EDOT solution needs to be determined by experimentation.
The key to retaining PEDOT’s high electrical conductivity is to scale the delivery of FeCl3
aerosol accordingly because a Fe3+ to EDOT ratio of 1:1 is optimal. The following are the
strategies to increase the delivery of FeCl3:
1) Use Collison nebulizer. The advantage of Collison nebulizer is that the amount of aerosolized
liquid is scalable with carrier gas (N2) flow rate while for ultrasonic counterpart, the amount of
aerosolized liquid is a constant and therefore there is an upper limit of aerosol output when
increasing the flow rate.
The only engineering challenge is to fit the Collison nebulizer to the coiled glass reactor.
Because the coiled reactor has a 24/40 grounded glass joint (female) and the nebulizer has a
compression fitting (1/4’’), it is better to use a flexible Teflon tube (1/4’’ OD) to bridge the two
with corresponding joints.
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2) Utilize low surface tension solvent as the precursor. As mentioned in Chapter 4, switching
the solvent from water to methanol enhances the aerosol output rate by 3-4 folds and it works for
both Collison nebulizers and ultrasonic nebulizers. Therefore, other low surface tension and low
viscosity solvents can be explored to tune the aerosol generation rate and some of the solvents
might further facilitate polymerization leading to a higher electrical conductivity.
3) Connect multiple nebulizers. Multi nebulizers can be connected in parallel to scale up the
aerosol output in case one nebulizer reaches a limit in aerosol generation (Figure 6.4) and it is
better to design the reactor system so that the connecting tubing of nebulizers has minimum
bending to prevent merge of aerosol droplets before encountering monomer vapor.

Figure 6.4 Illustrations of using multi nebulizers to enhance aerosol output.

4) Construct a new nebulizer --- gas-bubble jet nebulizer. Most of the established aerosol
generation methods produce droplets center around 1 µm. Dr. Maksim Mezhericher invented a
gas-bubble jet nebulization technique that constantly produces droplets around 200 nm which is
a ground-breaking progression in the aerosol field.8 This technique utilizes a high-pressure gas
(20 to 30 psi) to mass produce aerosol droplets in large quantity which is perfectly suitable for
scaling-up of AVP. The nebulizer diagram is simple and can be realized using a plastic shampoo
bottle (Figure 6.5). The key engineering consideration is the connection between perforated
rubber tubing and the main nebulizer bottle because it has to withstand such high gas pressure.
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Figure 6.5 Fabrication diagram and the mechanism of gas-bubble jet nebulizer.

A coiled reactor accommodates this large flow rate to ensure an adequate residence time for the
oxidative radical polymerization. During the trials, a coiled reactor with a smaller diameter
(1/4’’, beer cooling coil) results in more conductive particles than one with a larger diameter
(1’’, customized glass coil) probably due to enhanced mass transport in a constrained space.
However, the beer cooling coil is made out of stainless steel and FeCl3 aerosol’s corrosiveness
leads to reactor leakage after several months of experiments. Still we can try the beer coils for
comparison to optimize particles’ electrical conductivity provided a Teflon coating on its inner
surface to eliminate corrosion. On the other hand, if the oxidant aerosol and EDOT vapor
deliveries are scaled up, a glass coil might become suitable for an optimized mass transport.
Moreover, a coiled Teflon tube can be used as the reactor and the heating can be realized through
an oil bath.9 The temperature drop inside the Teflon tube needs to be checked during the
synthesis because of Teflon’s heat insulation.

6.1.3 Nanostructures induced by hydrolysis in AVP
Our lab developed two synthetic technologies, evaporative vapor phase polymerization (EVPP)7
and rust-based vapor phase polymerization (RVPP),10 that lead to nanofibrillar PEDOT films.
These high aspect ratio nanostructures are advantages for conducting polymer’s application
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because it maximizes the interface areas with electrolytes while retaining the high charge
transport. The magic is the proceeding of FeCl3 hydrolysis in concomitant with the oxidative
radical polymerization. This is also noticed in direct deposited AVP PEDOT particles which
exhibit both a spherical shape and a nanofibrillar shape (Figure 6.6a). Some of the spherical
particles show an urchin-like structure (Figure 6.6b) and this is in consistent with our findings
that EVPP or RVPP begins with formation of a solid film and then proceeds with growth of
nanofibers on this solid film.11-13 A rationale assumption is that if aerosolized droplets react with
EDOT monomer for sufficient long, we can get all urchin-like particles with a high aspect
ratio.12 However, only direct deposited particles show this type of morphology (liquid-collected
particles show rather smooth surfaces) indicating a long residence time (c.a. 10 min) is needed.
Therefore, a static aerosol chamber that allows a longer residence time is beneficial to study
morphology evolution in the proceeding of AVP. There are two types of commercially available
static aerosol reactor enabling long-residence time. The first one is rotating drum aerosol
chamber (Figure 6.6c) which is available through the following link:
https://biaera.com/products-and-services/rotating-drum-static-aerosol-chamber/
The second one is called vortex reactor which is usually available in a large footprint when
purchased commercially. Its diagram is drawn in Figure 6.6d and it is suggested to design and
fabricate a small vortex reactor for a proof of concept.
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Figure 6.6 Nanostructures and static aerosol reactor for AVP. a) A scanning electron micrograph
shows that the deposited particles has both a spherical shape and a nanofrillar shape. b) A scanning
electron micrograph shows an urchin-like shaped particles with nanofibers sticking out. c) A diagram of a
rotating drum aerosol chamber for static aerosol reaction. d) A diagram of a vortex reactor for possible
long residence time aerosol reaction.

6.2 Perspective for applications of conducting polymers
particles
Throughout this project, I have been pursuing highly conductive PEDOT particles and one
question that has been hitting me the most is what to do with these particles? If conductivity is
the final goal than carbon particles or some metal particles are available with a much cheaper
price and a much higher electrical conductivity. If this polymer conductor is still preferred in
some applications, such as hole-conductor in photovoltaics, then a continuous film is a better
choice than particles. Finally, if we want to study size or morphology related properties, than
solution phase synthesis provides a better control over size and morphology homogeneity. In
short, AVP particles should be used in applications where conducting polymer is indispensable
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and performance is proportional (best if exponentially) to electrical conductivity. In such
conditions, the size and morphology inhomogeneity is tolerated and the aerosol route becomes a
great choice for particle mass production or fast device fabrication.
To the best of my knowledge, the most promising application for AVP PEDOT particles are a)
electrocatalysis such as electrodes for fuel cells, water electrolyzers, CO2 reduction devices, light
emitting diodes (LED); b) photocatalysis such as electrodes or particle additives for CO2
reduction devices, water splitting devices, photo voltaics, and fluorescence generation devices.
Regarding the search for more possible applications, I think it is worthwhile to answer three
questions:
1) In which application(s) conducting polymer shows the universal competitiveness among all
materials?
2) What are the key metrics in these fields (charge carrier mobility, band structure tunability,
mixed ionic-electronic conduction, mechanical robustness)?
3) Is a high electrical conductivity or a high conjugation length a prerequisite for these
properties? For example, does a high electrical conductivity leads to a high ionic conductivity?
Does a high catalytic activity requires a fully dedoping of a highly conductive (high conjugation
length) sample or does it only require a less conductive (low conjugation length) sample? Does a
high electrical conductivity correspond to longer polymer chain that results in a better
mechanical robustness?
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Moreover, AVP is a platform and PEDOT is a model polymer to demonstrate a high throughput
possibility of conducting polymer particle synthesis. It is also worthwhile to try other types of
conducting polymer, such as n-type conjugated polymer, redox conjugated polymer.
Finally, the ability to 3D print conducting polymers with a high resolution is the Holy Grail in
the field and AVP holds promise to realize this ultimate goal because of three reasons: 1) AVP is
capable of synthesizing submicron particles with high electrical conductivity which serves as
building blocks for high resolution macrostructures. 2) Aerosol technology has been
demonstrated to provide precise particle assembly and programmable patterning capability.3, 4 3)
Most importantly, AVP provides a route to “sinter” these particles (Figure 6.7a-c)and
conventional sintering methods such as heat treatment or gluing either damage the polymer or
deteriorate its electrical property. This sintering is the final and the most critical step enabling 3D
printing using particulate materials.14 AVP is even more advantageous than other particulatebased 3D printing techniques because it realizes synthesizing, depositing and sintering of
particulate building blocks all in one-pot process, which has the potential to be an ultimate
solution towards 3D printing of conducting polymers (Figure 6.7d).
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Figure 6.7 “Sintered” nanostructures created from AVP. Scanning electron micrographs shows
that direct deposition under certain condition leads to a) sintered spherical particles and b), c) they
self-assemble into hierarchical nanostructures due to aerosol flow. d) Illustration of proposed
diagram for 3D printing conducting polymer nanostructures using AVP.
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Appendix A: Abstract graph of AVP and
photo of resulted PEDOT particles

Figure A.1 A Graphic illustration of aerosol vapor polymerization of PEDOT particles.

Figure A.2 A photo of powdered PEDOT particles synthesized via AVP.
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Appendix B: Abstract graphics of 3D printed
probe station

Figure B.1 An abstract graph of 3D printed four-point probe station.
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Appendix C: 3D printed probe station
fabrication guide
The probe station is composed of three sub-assemblies, namely station base, head support and
head. Their detailed designs, fabrications and contributions to the realization of the mechanism
are introduced in the following subsections. There is also a subsection introducing the final
assembly of the probe station.
A. Station base
Station base supports the probe station and serves as a platform to accommodate the sample. The
assembly process is illustrated in Fig C.1.a-c.The frame panels of the station base are built out of
3D printed PLA or laser-cut wood panels. The top front panel is the platform for placing samples.
A step motor coupled with a threaded acme rod is mounted on the middle panel to enable the
displacement of the head and head support in order to tune contact force. A circuit board is
mounted on the board allowing G-code controlled vertical displacement with a precision of 10 µm.
Two smooth rods are incorporated in the station base to guide the movement of the head and head
support.

Figure C.1 Illustration of station base assembly. a) A stepper motor and a circuit is mounted on
the middle panel. The acme lead thread is connected to the stepper motor through a coupler. b) Two
bars are positioned in the rods notches on the bottom panel and middle panel. All the panels are
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anchored with M3 16mm screws and M3 hex nuts. c) The finished diagram of station base and its
dimensions.

B. Head support
Head support carries the head to move up and down. The assembly process is illustrated in Fig
Figure C.2a-c. The frame panels of the head support is built out of 3D printed PLA or laser-cut
wood panels. Four bearings are zip tied to the front panel while a Delrin acme nut is anchored to
the bottom panel with screws. They fit into the smooth rods and threaded acme rod on the station
base, respectively, to enable the vertical displacement.
There is a big opening on the front panel of the head support. It enables the head to stretch out
and provides room to manipulate measurement. Head support also increases the versatility of the
probe station as we can change different head design for different probe configuration or
measurement needs.

Figure C.2 Illustration of head support assembly. a) Four bearings are zip tied to the grooves of
the front panel. b) A Delrin acme nut is bound to the bottom panel with M3 16mm screws. All the
panels are anchored with M3 16mm screws and M3 hex nuts. c) The finished diagram of head support
and its dimensions.

C. Head
Head guides and holds the 4 probes to enable the gravity assisted contact and it also enables the
transmission of electrical signal from the probe to test lead wires. The assembly process is
illustrated in Figure C.3a-c. The main parts, head base and trigger, are 3D printed out of PLA. It
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can only by realized through 3D printing, because the inside cavity accommodating the head
trigger cannot be realized through metal machining or laser cutting.
The head base has four guiding holes for probes with diameters of 1.2 mm and separation of
2mm. So the 4 collinear configured probes have a total distance of 9.6mm. The front wall of each
guiding hole is connected to a groove. Four pieces of conductive foils (nickel coated copper tape)
are cut into specific width and length to be paste on the ‘L’ shaped grooves. There is also a
spring mounted on the back of the head base using a rivet.
The trigger has four teeth to secure the probes and each tooth is covered by plastic film to
conformably wrap the probes and secure them against the head. The trigger is placed into the
head base and can move in the head base with a mechanism similar to the battery being placed
and moving in a battery holder.
Four test lead wires are soldered to the nickel coated cooper foils on the 4 grooves separately and
they transmit the electrical signal from the probes to a Source Measure Unit(SMU).

Figure C.3 Illustrations of head assembly. a) Head base and handle are 3D printed out of PLA. A
compression spring is anchored to the back of the head base by a rivet. Four nickel coated copper
foils cover the front walls of the guiding holes and the grooves with double sided tapes. 5 layers of
laboratory films cover the handle teeth and the handle is placed into the head base with the same
mechanism as putting a battery into a battery holder. b) Four test lead wires are soldered with the
nickel coated copper foils on the grooves. c) The finished diagram of head and its dimensions.
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D. Final assembly
The final assembly is illustrated in Figure C.4.The head is mounted on the head support with
screws and then the head support is screwed into the threaded rod. The other ends of the 4 test
lead wires go through front panel of head support and connected to 4 banana plugs in order to
connect the SMU.

Figure C.4 The final assembly of the probe station. Four banana plugs are connected to the test
lead wires to facilitate the connection their connection to source and measurement unit. The inset
shows that head is anchored on to the head support and the head support is screwed on to the threaded
acme rod with two sets of bearing fit into the two smooth rods.
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Appendix D: Abstract graph of nanofibrillar
conducting polymer based supercapacitor

Figure D.1 An abstract graph of nanofibrillar PEDOT film-based supercapacitor. This graph is
published as a backcover in Sustainable Energy & Fuels, 2017, 1.
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Appendix E: Graph arts for nanofibrillar
polyaniline synthesis

Figure E.1 Dimer flower. An optical micrograph collected in a Nikon LV100 Polarizing
Microscope shows a highly packed surface of anisotropic single crystals of the conducting
oligomer N-phenyl-p-phenylenediamine synthesized via Evaporative Vapor Phase Polymerization.
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Figure E.2 Nanocrystals of ammonium persulfate.An optical micrograph collected in a Nikon
LV100 Polarizing Microscope shows high aspect ratio crystals of ammonium persulfate that grow
from the center nucleus during synthesis via Evaporative Vapor Phase Polymerization.
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Appendix F: Rendering of proposed 3D
printing of conducting polymer setup

Figure F.1 Proposed 3D printer set-up for EVPP. a) An illustration of a setup using EVPP technique to
3D print conducting polymer nanostructures. b) Printing starts with a droplet of FeCl3 heated inside a hot
chamber filled with monomer vapor and c) a nanofibrillar film forms according to EVPP. Another drop
on top or on the side of the film after EVPP will leads to growth and merge of the two films which is the
concept of 3D printing. d) - e) are experiments proving this concept using CVD chamber. d) Multi-FeCl3
droplets were placed aside with previously EVPP synthesized PEDOT films. e) After another EVPP,
films grow bigger if droplets were placed on it and f) two films merge together when deposited droplets
connected them.
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